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The α-phases of Fe-Ga and Fe-W alloys show large low field magnetostriction 
and the observed magnetostrictive behavior is sensitive to the solute content and thermal 
history.  In order to improve understanding of magnetostriction, the first part of this work 
examines the influence of W substitution for Ga in Fe-Ga alloys and a more detailed 
examination of Fe-W alloys. The variation of magnetostriction coefficient λ100 with W 
substitution for Ga in various Fe-x at.% Ga alloys was examined.  
Fe-12.5 at.% Ga-2.5 at.% W, Fe-15 at.% Ga-2.5 at.% W and Fe-17.5 at.% Ga-2.5 
at.% W single crystals were prepared by vertical Bridgman technique and annealed in the 
α-phase region followed by rapid water quenching. Increase of the Ga content in Fe-x 
at.% Ga-2.5 at.% W increased λ100 magnetostriction values up to 307 x 10-6 for 15 at.% 
Ga and further increase in Ga content decreased the magnetostriction value. Comparing 
the magnetostriction of Fe-Ga-W alloys to those of Fe-Ga alloys, the substitution of W 
for Ga caused more than a 7% drop in magnetostriction. The magnetostriction 
coefficients λ111 were also measured using of [220]- or [211]-oriented single crystals of 
Fe-12.5 at.% Ga-2.5 at.% W, Fe-3 at.% W, Fe-6 at.% W and Fe-7.5 at.% W alloys. The 
magnetostriction increases as the W content increased from 3 at.% to 7.5 at.% W.  
In the second part, the B2 and DO3 types of ordering were examined in annealed 
and quenched magnetostrictive Fe-27.5 at.% Ga single crystal and the presence of both 
B2 and DO3 ordered domains is demonstrated. The relative amounts of B2 phase
 iv 
domains increased with increasing depth up to about 100 um depth. After that, the 
volume ratio of B2 and DO3 domains showed little variation beyond this depth. 
In the third part, the extended x-ray fluorescence spectroscopy (EXAFS) studies 
of local atomic environment of Fe-27.5 at.% Ga, Fe-20 at.% Ga and Fe-15 at.% Ga single 
crystals were carried out. The study focused on the first and second nearest neighbors. 
The results obtained in the examination of Ga-Ga first nearest neighbor bond distance 
show a large positive increase after long-term annealing and the value of this positive 
strain increases as the Ga content increases. As the change of magnetostriction value with 
the changes in Ga content or thermal history follows the same tendency, it suggests a 
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 CHAPTER 1 
INTRODUCTION 
Magnetostrictive behavior refers to the exhibition of reversible strains and 
changes in the elastic properties of a material on the application of magnetic field, or the 
reciprocal effect of changes in the magnetic properties with the application of stress [1]. 
The materials with this kind of behavior are called magnetostrictive materials. There are 
two parts of magnetostriction, the isotropic part and the anisotropic part. The anisotropic 
part, which is also called Joule magnetostriction, is a behavior where change in linear 
dimension occurs on the application of magnetic field. This Joule magnetostriction was 
discovered by an English physicist, James Prescott Joule, who observed an increase in the 
length of an iron rod on applying magnetic field.  
Generally, all of the magnetic materials have some level of magnetostrictive 
response. The first material with giant magnetostrictive strains was discovered in the 
1960s. It was a (Dy, Tb) rare-earth alloy which shows about 10,000 x 10-6 
magnetostrictive strain in the basal planes at cryogenic temperature of -123˚C [2]. But 
this alloy has not been widely used because of the requirement of a large saturation field 
and low working temperature. Further research in rare-earth-based alloys resulted in the 
discovery of Tb0.27Dy0.73Fe2 (Tefenol-D) alloy with 1600 to 2400 x 10-6 room 
temperature magnetostrictive strain at an applied magnetic field of less than 2 kOe [3]. 
However, the high cost of rare-earth elements, relatively large saturation field and poor
 2 
mechanical properties limited this alloy’s application. Fe-based alloys without rare-earth 
additions were considered as good candidates in the development of magnetostrictive 
materials with low cost and good mechanical properties. Fe-Al alloys showed an 
appreciable magnetostrictive strain as high as 140 x 10-6 in the [001] direction at a solute 
content of about 15 at.% to 20 at.% combined with other advantages like low saturation 
field, good mechanical strength and large ductility [4-7]. 
The large increase in the Joule magnetostriction value due to the addition of Ga to 
Fe was observed in the late 1990s by Guruswamy et al. [8-10]. This new type of alloy 
provided a λ100 magnetostriction coefficient value as high as 379 x 10-6 in Fe-20 at.% Ga 
single crystal which is several times larger than other Fe-based alloys [11]. The ductile α-
Fe phase provides a large strength as well as good ductility. Compared to the expensive 
rare-earth elements Tb and Dy, the relatively cheaper Fe and Ga used for this alloy 
decrease the cost. Less difficulty in material production expands the application areas of 
Fe-Ga alloys. Extensive research has been carried out on Fe-Ga alloys in the last ten 
years, including the following: the study about effect of Ga composition on the 
magnetostrictive behavior of Fe-Ga alloy polycrystalline and single crystal samples [8-
14]; the study about the effect of ordering on the magnetostrictive behavior of Fe-Ga 
alloys [10,11,15]; and the study about the substitution of Ga with other elements on the 
magnetostrictive behavior of Fe-Ga alloys [16]. The recent research by Thuanboon and 
Garside et al. showed that additions of W or Mo to Fe also result in a large enhancement 
of magnetostriction [11,17,18]. 
In Fe-Ga alloys, Ga atoms have relatively larger atomic size compared to the Fe 
atoms. It can be expected that by substituting Fe with Ga, large local distortion and strain 
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will be introduced into the α-Fe lattice matrix. Heat treatment will change the phase and 
type of ordering in Fe-Ga alloys and this affects the alloy’s magnetostrictive behavior 
[10,11,15]. It has been suggested that the local atomic environment is a key factor that 
influences the material’s magnetostriction.  
Extended x-ray absorption fine structure (EXAFS) spectroscopy is a powerful tool 
for studying the local structure at atomic and molecular scale [19,20,21]. The earlier 
research on EXAFS of Fe-27.5 at.% Ga alloy single crystals by Garside [22] shows that 
the  Ga-Ga first nearest neighbor pairs with large bond distance in the Fe-27.5 at.% Ga 
alloy crystal lattice may affect its magnetostrictive behavior. However, improvements in 
the analysis are required and analyses on Fe-Ga alloys with various Ga contents are also 
needed to obtain a better understanding of the local atomic environment of Fe-Ga alloys.  
The major objectives of this research work are: (i) to study the changes in 
magnetostrictive coefficient λ100 by W substitution for Ga in various Fe-x at.% Ga alloys 
(Fe-12.5 at.% Ga-2.5 at.% W, Fe-15 at.% Ga-2.5 at.% W and Fe-17.5 at.% Ga-2.5 at.% 
W) and various heat treatment conditions (directionally grown and annealed) of Fe-Ga 
alloy single crystals; (ii) to study the changes in magnetostrictive coefficient λ111 with 
various compositions of W (3 at.%, 6 at.% and 7.5 at.%) and various heat treatment 
conditions (directionally grown and annealed); (iii) to study the presence of B2 and DO3 
ordered domains in annealed and water quenched Fe-27.5 at.% Ga alloy single crystals 
and the variation in their distribution as a function of depth from the surface to 
understand the influence of sample size and thermal history on the nature of short-range 
and long-range ordering; (iv) to study the local atomic environment of Fe-Ga alloys by 
using EXAFS analysis with an improved structure model, better data accuracy, extended 
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 CHAPTER 2 
BACKGROUND 
2.1 Magnetism 
2.1.1 Magnetic Field 
All magnets have a pair of unlike poles located at the opposite geometric ends 
from where the magnetic force appears to originate. Magnets have the behavior that 
unlike poles attract and like poles repel each other. The attractive or repulsive force 
between the magnetic poles is called the magnetic force and the force between two poles 





kF =                                                     2.1 
where F is the magnetic force, k is a proportional constant, p1 and p2 are the strengths of 
poles and d is the distance between the two interacting poles. In the cgs-emu system, the 
unit of pole strength is defined based on this equation. By assuming k equal to 1, one unit 
pole exerts a force of 1 dyne to another unit pole at a distance of 1cm. This equation can 
also be expressed in another form: 
kpHF =                                                          2.2 
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where the H is called the field intensity of the magnetic field generated by one of the 
poles. The unit of field intensity is oersted (Oe) which is defined by the field that exerts a 
1 dyne force on a unit pole. The magnetic field can also be represented by “the lines of 
force” and 1 Oe field is considered to have one line of force per cm2.  
The magnetic field is also produced by an electrical charge motion. In the most 
general case of a current flow inside a straight wire, a magnetic field will be generated 






=                                                     2.3 
where i is the current in amperes and r is the distance from the wire in cm. The magnetic 
field is circular around the wire in a plane perpendicular to the wire axis and the direction 
can be determined by the right-hand law. If the wire is not straight but in a solenoid 
shape, the magnetic field will be generated along the solenoid axis with a magnitude at 






=                                                    2.4 
where i is the current, n is the number of turns and L is the length of the solenoid. 
If a ferromagnetic material is placed inside the solenoid, the material will become 
magnetized by the magnetic field H. The degree to which a material gets magnetized is 
called magnetization M. In this case, the actual magnitude of magnetic field is a 
combination of magnetic field H generated by flowing current and 4πM introduced by the 
ferromagnetic material. These combined lines of force are called the magnetic flux.  The 
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total number of lines of magnetic flux per unit area is called the induction B which is 
described by the equation 
MHB π4+=                                                   2.5 
The induction B is usually measured by the unit gauss (G) which is lines or 
maxwells per cm2. 
2.1.2 Magnetic Moment 
If a magnet with poles of strength p spaced apart a distance l is placed at angle θ 
in a uniform field H, a torque will act on the magnet and turn it parallel to the field 
direction. By assuming the field intensity H = 1 Oe and θ = 90˚ , the moment can be given 
by 
plm =                                                             2.6 
where m is defined as the magnetic moment of the magnet.  It is an important parameter 
in the calculation of the potential energy Ep of a magnet in a magnetic field. The potential 
energy Ep is given by 
θθθθ dmHdlpHdE p sin)2





mHdmHE p −== ∫ °                                        2.8 
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In the cgs system, the potential energy Ep is in ergs and the unit of magnetic 
moment is erg/oersted, which is an electromagnetic unit of magnetic moment simply 
called emu. 
2.1.3 Magnetization 
As discussed earlier, magnetic material will be magnetized if it is placed in a 
magnetic field. The degree to which the material gets magnetized is called intensity of 
magnetization or simply magnetization M. The magnetization M can be described by 
v




plM ==                                                     2.10 
where m is the magnetic moment, v is the volume and A is the cross section of the 
magnet. In the cgs system, the unit of this magnetization is erg/oersted·cm3 or simply 
emu/cm3. This magnetization can also be defined for a unit mass rather than unit volume, 






==                                                      2.11 
where w is the total mass of magnet and ρ is the density of magnetic material. 
2.1.4 Magnetization Curve and Hysteresis Loop 
A ferromagnetic or ferrimagnetic material’s magnetic property is arising from a 
lot of small magnetic moments. These magnetic moments are introduced by the orbital 
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motion and spin motion of the electrons in the atoms. The small regions in which all the 
magnetic moments are aligned in the same direction in a ferromagnetic material are 
called domains. The interfaces that separate domains with different spontaneous 
magnetization directions are called domain walls. As discussed earlier, after placing a 
magnetic material initially in an unmagnetized state in a field, the magnetization process 
will start inside the material. This magnetization process involves both domain wall 
motion and domain rotation. If the applied magnetic field is large enough, both of these 
magnetization processes will drive the magnet to reach its saturation. The curve used to 
describe the magnetization M or induction B versus applied magnetic field H change 
during the magnetization process is called the magnetization curve. By applying magnetic 
field in two opposite directions, the magnetization curve will show a loop shape which is 
called the hysteresis loop, as shown in Figure 2.1. 
In Figure 2.1, the initial magnetization curve is the dashed lines from the origin to 
saturation in the first quadrant. Magnetization becomes constant after reaching the 
saturation value and the induction continues to increase with H. Ms is the maximum 
magnetization that a material can reach and is called saturation magnetization. Mr is the 
residual magnetization in the absence of applied magnetic field and is called remanence 
or remanent magnetization. Hci is the reverse field required to reach zero magnetization 
and is called the coercive field. In the induction hysteresis loop, Bs is the saturation 








Figure 2.1 Schematic illustrations of magnetization curves and hysteresis loops. (a) 
Magnetization versus applied magnetic field curve. (b) Induction versus 
applied magnetic field curve. 
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2.1.5 Magnetic Anisotropy in Cubic Crystals 
The magnetic properties’ dependence on the measurement direction is called 
magnetic anisotropy. This factor strongly affects the shape of the magnetization curve 
and hysteresis loop. For iron single crystal with a body centered cubic structure, the 
saturation magnetization can be achieved with relatively low magnetic field along the 
<100> crystallographic direction. If the field is applied in the <110> or <111> directions, 
much larger H values will be required to achieve the saturation magnetization. In this 
case, the <100> direction is called the easy direction of magnetization.  
As discussed earlier, magnetization involves two processes, the domain rotation 
and domain wall motion. The domain wall motion process requires less energy than the 
domain rotation and is more preferred at a low magnetic field. 
In a demagnetized BCC iron magnet, the natural spontaneous magnetization 
directions of domains are in the <100> crystallographic directions. The magnetization 
process to obtain saturation magnetization in the <100> directions will require more 
domain wall motion and less domain rotation. Compared to the <100> directions, a large 
amount of domain rotation process will be required to obtain saturation magnetization in 
the <110> directions. As a result less energy is required for magnetization saturation in 
the <100> direction than for saturation in the <110> direction. 
The energy provided by the magnetic field which is used to work against the 
anisotropy force to turn the magnetization vector away from the easy direction is called 
crystal anisotropy energy E [23, 24]. The magnitude of this energy is given by 
















110 ααααααααα KKKE                 2.12 
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where α1, α2 and α3 are the direction cosines of Ms relative to crystal axes and K0, K1 and 
K2 are the anisotropy constants for a specific material at a specific temperature. For BCC 
iron, the values of anisotropy energies vary as  E100<E110<E111. 
2.1.6 Origin of Magnetic Properties 
As described earlier, the magnetic properties of a material mainly arise from the 
orbital motion and spin motion of the electrons in the atoms. For the orbital motion, the 
negatively charged electron rotates around a nucleus and this can be considered as a 
current loop which introduces a small magnetic moment along the axis of rotation. For 
the spin motion, each electron is spinning around a certain axis and forms a small spin 
magnetic moment along either the up or down direction. Thus, if the sum of the orbital 
motion magnetic moments and spin motion magnetic moments of all the electrons in an 
atom does not cancel out to zero, the atom will have a net magnetic moment and can be 
considered as a tiny magnet [1, 25]. Magnetic material is a collection of these tiny 
magnets. The magnetic moment of a substance is the sum of magnetic moment vectors of 
all the tiny magnets inside the material. If the cancellation of orbital motion magnetic 
moments and spin motion magnetic moments are complete in all the atoms, the material 
is referred to as a diamagnetic material. If the cancellation is incomplete, the material can 
be paramagnetic, ferromagnetic, antiferromagnetic or ferrimagnetic material. 
2.1.7 Magnetic Behaviors 
2.1.7.1 Diamagnetism 
The origin of diamagnetism is the effect of applied magnetic field on the orbital 
motion of electrons inside the material. For each electron orbit of an atom, the applied 
magnetic field will slightly reduce the effective current of the orbit, therefore forming a 
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magnetic moment in the opposite direction of the applied field [1]. By summing up all the 
magnetic moments of the orbital electrons in the material, a diamagnetic material will 
have a small negative magnetic susceptibility on the order of 10-5 [26]. Based on the 
natural interaction between electrons and magnetic field, this diamagnetism is not 
permanent and will be present in all materials. However, because the magnetic 
susceptibility of diamagnetism is so small, it is only possible to observe this behavior 
when all other types of magnetism are totally absent. 
2.1.7.2 Paramagnetism 
For the atoms or molecules of paramagnetic materials, the spin and orbital 
moments of electrons do not fully cancel out. Each of these atoms or molecules will have 
a magnetic moment. In the case of ideal paramagnetic behavior, no mutual interaction 
occurs between these magnetic moments. Without an external applied magnetic field, all 
the magnetic moments are oriented randomly and cancel out each other. When a 
magnetic field is applied, the magnetic field tends to align all the magnetic moments 
along the field direction while the thermal agitation tends to keep the moments in random 
directions [1]. The combined effect of magnetic field and thermal agitation causes a 
partial alignment of the magnetic moments and creates a relatively small but positive 
susceptibility (about 10-5 to 10-2) [26]. 
2.1.7.3 Ferromagnetism 
Ferromagnetic materials exhibit a large net moment for each atom and large net 
magnetization even in the absence of an external magnetic field. As in paramagnetic 
material, magnetic moments originating from the spin and orbit moments of the electrons 
of the atoms or molecules of ferromagnetic materials have not fully cancelled out. Above 
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Curie temperature because the thermal agitation is so high, the directions of magnetic 
moments are fully random and ferromagnetic material behaves the same as a 
paramagnetic material. Below the Curie temperature, ferromagnetic behavior is observed 
where the positive exchange interactions between net spin magnetic moments manifest as 
a large internal molecular field which aligns all the moments in a preferred direction. In 
general, the ferromagnetic material is divided into a lot of small regions in which 
magnetic moments are aligned in the same direction by the internal molecular field and 
reach the saturation even without the absence of an externally applied field. Each of these 
small regions inside the material is called a domain. In the demagnetized state of a 
ferromagnetic material, directions of magnetization in different domains are arranged in 
such a way that they cancel out each other. Applied magnetic field leads to domain wall 
movement or domain rotation which tries to align the magnetizations of all the domains 
along the field direction and cause a large net magnetization. If the applied field is large 
enough, all the domains will be aligned in the same direction and the material reaches its 
saturation magnetization. Figure 2.2 shows a schematic illustration of domains in a 
ferromagnetic material and the magnetization process with the application of magnetic 
field. The magnetic susceptibility of ferromagnetic materials can be as high as 106. Most 
well known ferromagnetic materials are Fe, Ni and Co alloys. These also include the 
Nd2Fe14B permanent magnets, Fe-Si soft magnetic materials, and the Fe-Ga and Fe-W 









Figure 2.2 A schematic illustration of domains in a ferromagnetic material and 






A large internal molecular field also occurs in antiferromagnetic materials. 
However, compared to ferromagnetic materials, this internal molecular field of 
antiferromagnetic materials introduces a negative exchange interaction between 
neighboring atoms or molecules and negative exchange interaction leads to the 
arrangement of adjacent magnetic moments in an antiparallel alignment [27]. In the 
antiparallel alignment, all the magnetic moments of atoms or ions are divided into two 
groups with the same magnetization. Within each group, the magnetic moments are 
aligned in the same direction just like ferromagnetic materials. However, the two groups 
of aligned magnetic moments are arranged in the exactly opposite direction. In this way, 
the magnetizations of two groups of moments cancel out and result in a very small 
positive susceptibility for the antiferromagnetic material. The susceptibility of 
antiferromagnetic materials varies with temperature. At high temperature, 
antiferromagntic material behaves the same as a paramagnetic material. As the 
temperature decreases, the susceptibility increases and reaches the maximum point at a 
critical temperature called Néel temperature TN. Below Néel temperature, the antiparallel 
alignment of magnetic moments occurs. The most common antiferromagnetic materials 
are metal oxides, for example, MnO, CuO and NiO. 
2.1.7.5 Ferrimagnetism 
Ferrimagnetic material has similar magnetic moment arrangement as in 
antiferromagnetic materials. The magnetic moments were divided into two groups with 
each group aligned in the antiparallel direction. The difference for ferrimagnetic material 
is that the two moment groups do not have the same magnetization. This difference 
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results in a net magnetization in the antiparallel aligned magnetic moments and self-
saturated domains inside the material. Ferrimagnetic material also exhibits magnetic 
saturation and hysteresis and its susceptibility can be as high as some ferromagnetic 
materials. The most famous ferrimagnetic material is FeO·Fe2O3 which is one of the most 
important permanent magnetic materials in magnetic applications. 
2.2 Magnetostriction 
2.2.1 Volume Magnetostriction and Joule Magnetostriction 
The behavior of exhibiting reversible strains with applied magnetic field or 
reciprocal effect of changes in magnetic properties with application of stress is called 
magnetostriction. There are two aspects to magnetostriction, the isotropic part and the 
anisotropic part. The isotropic part shows a change of volume on the application of 





=ε                                           2.12 
where ε is the isotropic magnetostriction strain and exx, eyy, ezz are the strain tensor 
components along different directions. This isotropic magnetostriction is also called 
volume magnetostriction or forced magnetostriction. Its value is only of the order of 10-10 
per oersted which is very small and generally causes no effect on the material’s 
behaviors.  
The anisotropic part of magnetostriction, which is also called Joule 
magnetostriction, shows a change in linear dimension with an applied magnetic field. The 




=λ                                                           2.13 
In this equation, the fractional change of length Δl/l is the magnetically introduced 
strain defined with a special symbol λ. The value of λ at magnetic saturation is called 
saturation magnetostriction λs which is commonly used to define the material’s 
magnetostrictive behavior. This magnetostriction occurs in all kinds of magnetic 
materials but the magnitude is typically on the order of 10-5 which is relatively small. 
Figure 2.3 shows a schematic of the volume magnetostriction and Joule magnetostriction. 
2.2.2 Saturation Magnetostriction in Cubic Crystals 
In the general case, the magnetostriction λ can be expressed in terms of strain 
tensor components εij and directional cosines βi (or βj) of the angle between the 
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For a cubic single crystal, the achieved saturation magnetostriction strain tensor 












































































⋅⋅⋅++= 23215212 22 αααααε hhxy , 
⋅⋅⋅++= 32
2
15322 22 αααααε hhyz , 
⋅⋅⋅++= 3
2
215132 22 αααααε hhzx  
where αi are the direction cosines of the angle between magnetization direction and 
crystallographic axes, and hi are the constants related to the material’s magnetostrictive 
behavior. Substituting the strain tensor component equations in the earlier 
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One could neglect the h3, h4 and h5 components due to their smaller values from 
the equation. Constant h0 refers to anomalous thermal expansion around the Curie 
temperature and this can also be ignored from the equation. The saturation 















11 ββααββααββααβαβαβαλ +++−++= hhsi   2.17 
1001 2
3
λ=h  and 1112 2
3
λ=h  where the λ100 and λ111 are the saturation 
magnetostriction values of cubic single crystal measured along the <100> and <111> 
























−++=si                       2.18 
λ100 and λ111 are also called magnetostriction coefficients of a particular crystal. 
For measuring this λsi strain, the ideal demagnetization state is required. However, 
in the real situation, this requirement can be avoided by measuring the saturation 
magnetization of λ100 and λ111 in the referred directions as the crystal is rotated from one 
orientation to another. For example, the λ100 measurements in this work were done by 
measuring the strain along the [100] direction on an [001]-oriented single crystal by 
applying magnetic field parallel and perpendicular to the [100] direction. The λparallel and 
λperpendicular are referred to as the strain measured with parallel applied magnetic field and 
perpendicular magnetic field, respectively. The λ100 value can be calculated based on the 
equation 
larperpendicuparallel λλλ −=1002
3                                            2.19                   
A similar idea was applied for λ111 measurement also. For λ111 measurements, the 
]211[ -oriented single crystal disc was prepared and magnetostrictive strain 
measurements were performed along the ]111[  direction (a) with magnetic field applied 
in the ]111[  direction for λparallel strain measurement and (b) with magnetic field along the 
]220[  direction for λperpendicular strain measurement. Alternatively, a [220]-oriented single 
crystal disc was prepared and the magnetostrictive strain measurements were performed 
along the ]111[  direction (a) with magnetic field applied along the ]111[    direction for 
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λparallel strain measurement and (b) with magnetic field along the ]211[   direction for 
λperpendicular strain measurement. The λ111 value can be calculated by using the equation 
larperpendicuparallel λλλ −=1112
3                                             2.20 
2.2.3 Physical Origin of Magnetostriction 
The physical origin of magnetostriction arises from the spin-orbit coupling. After 
applying an external field, the spins of electrons in an atom will trend to reorient along 
the field direction, but the orbit is strongly coupled with the lattice which resists the 
tendency for the rotation of the spin axis. The combined effect of spin and orbit result in a 
distortion of the electron cloud around the nucleus. Above the Curie temperature, the 
strong thermal agitation causes complete randomization of the magnetic moments of the 
atoms and the material behaves as a paramagnetic material. As the temperature drops 
below Tc, the effect of spontaneous magnetization will rotate the spins towards  the easy 
direction of the crystal, resulting in a change in interatomic distances (Figure 2.4). 
Therefore, a small strain ΔL’/L would be introduced into the crystal lattice. If an external 
magnetic field is applied to the material, all the electron clouds would rotate parallel to 
the field direction and create a magnetostrictive strain ΔL/L. 
2.2.4 Previous Studies on Fe-based Magnetostrictive Alloys 
2.2.4.1 Dy, Tb and Terfenol Alloys 
Large magnetostriction was observed in single crystals of pure rare-earth elements 
Dy and Tb in the 1960s [2, 29]. The Dy single crystal has a large basal plane 














single crystal has a similar basal plane magnetostriction of 8800 x 10-6 at an applied field 
of 16.3 kOe [2]. Although these rare-earth elements exhibit large magnetostriction, there 
are several disadvantages that limited their applications. First, the applied magnetic field 
required for obtaining the saturation magnetostriction is relatively high. Second, the 
Curie temperatures for both Dy and Tb are very low: -184˚C for Dy and -53˚C for Tb 
[30]. Third, the rare-earth elements Tb and Dy are relatively expensive compared to most 
of the other elements. 
In order to overcome the limitation of low Curie temperature, extensive work has 
been done on Fe-rare-earth magnetostrictive alloys. Polycrystalline DyFe2 and TbFe2 
alloys with magnetostriction of 650 x 10-6 and 2630 x 10-6 and Curie temperatures of 
362˚C and 431˚C, respectively, were developed [31]. For a single crystal TbFe2 alloy, 
magnetostriction can be as high as 3690 x 10-6 along the [111] crystallographic direction 
at room temperature. However, an extremely large applied magnetic field up to 25kOe is 
required to obtain the saturation magnetostriction due to the strong magnetization and 
magnetostrictive anisotropy of this alloy.  
Partial substitution of Tb with Dy can decrease the crystal anisotropy and the 
Tb0.27Dy0.73Fe2 alloy, also called Terfenol-D, was developed based on this idea. At room 
temperature, the saturation magnetostriction along the [111] crystallographic direction of 
the Terfenol-D rods grown using the Czochralski crystal growth technique is about 2460 
x 10-6 and the required applied magnetic field is less than 2 kOe [31]. Although the 
magnetostrictive behavior of this alloy is very desirable, its brittle mechanical behavior 
and relatively high cost limited its applications. 
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2.2.4.2 Fe-Al Alloys 
The first magnetostrictive behavior study of Fe-Al alloys was done at the end of 
the 1950s, and magnetostrictive value along the [001] crystallographic direction as high 
as 140 x 10-6 was obtained for the Al content between 15 at.% and  20 at.% with an 
applied magnetic field of 10 kOe [4, 5]. The magnetostriction value of Fe-Al is only 
about 2% of the value for Dy or Tb single crystals which were developed at almost the 
same time, but good mechanical properties and low cost [6, 7] of Fe-Al alloys make them 
a valuable candidate for sensor or actuator applications.  
From the Fe-Al binary phase diagram [32], one can see that Al dissolves up to 
about 20 at.%  in α-Fe and forms a disordered A2 terminal solid solution phase. As the Al 
content increases to more than 21 at.%, an ordered Fe3Al phase with DO3 crystal 
structure will form. An XRD study demonstrated that the structure in a high Al content 
Fe-Al alloy consists of Fe3Al phase regions completely surrounded by FeAl ordered 
phase fields [33]. Another study on Fe-14 at.% Al and Fe-23 at.% Al single crystals was 
done by J. E. Epperson and J. E. Spruiell [34, 35]. The combined presence of B2 and DO3 
phases in an A2 matrix was demonstrated for high Al content Fe-Al alloys with proper 
heat treatments [34]. The other part of their work shows short-range ordering that tends 
toward the DO3 type and the ordered structure is more fully developed in the more 
concentrated alloy [35]. Later studies in 1979 and 1984 proved that the presence of these 
second phases decreases the magnetostriction of Fe-Al alloy to about 75 x 10-6 along the 
[001] direction and 45 x 10-6 along the [110] direction for Fe-21 at.% Al alloy with an 
applied magnetic field of about 3 kOe [36, 37]. 
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2.2.4.3 Fe-Ga Alloys 
An Fe-Ga alloy with large low field magnetostriction property was first 
discovered by Guruswamy et al. [8]. Large Joule magnetostriction as high as 379 x 10-6 
single crystal has been observed for Fe-20 at.% Ga [11]. With their other attractive  
properties like large mechanical strength, good ductility and relatively low cost, the Fe-
Ga alloys are of natural interest in the recent search for giant magnetostrictive materials. 
Extensive research has been carried out to study the effect of Ga content and 
thermal history on the magnetostriction of Fe-Ga alloy. Guruswamy et al. [10,11] showed 
that the (3/2)λ100 magnetostriction coefficient of Fe-Ga alloy increased with the increase 
of Ga content up to 379 x 10-6 for Fe-20 at.% Ga and further increase in Ga content drops 
the magnetostriction to 340 x 10-6 for Fe-27.5 at.% Ga due to the formation of a second 
phase. For all Fe-Ga alloys with various Ga content, long-term annealing heat treatment 
in the α-phase region trends to cause a large increase in magnetostriction. Similar 
research was done by Clark et al. [13, 14]. In their result, the (3/2)λ100 magnetostriction 
coefficient of furnace cooled alloy was increased to a value of about 300 x 10-6 for Fe-17 
at.% Ga and then drops to about 250 x 10-6 for Fe-24 at.% Ga. For the 800˚C annealed 
and water quenched samples, this (3/2)λ100 value increased up to 330 x 10-6 for Fe-19.5 
at.% Ga alloy and further increase in Ga content decreased this property.  
It was considered that the effect of thermal history on Fe-Ga alloy’s 
magnetostriction was caused by structural changes. The stable phases that can form on 
cooling A2 phase alloys from high temperature are B2, DO3, L12 and DO19, according to 
Figure 2.5 of the Fe-Ga phase diagram given by Okomoto [38]. While L12 and DO19 
structures have been obtained by long-term annealing in the corresponding phase stability 
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region given by the equilibrium phase diagram (Table 2.1), the formation of these phases 
is kinetically very slow and can be suppressed even under relatively slow cooling rates. 
In Fe-Ga alloys, rapid quenching extends the single-phase A2 to higher Ga 
concentrations up to 21.1 at.% [39]. A short-range ordering in the Fe-Ga alloy with Ga 
content of 13-18 at.% has been suggested without a detailed discussion of the x-ray data 
[39]. An examination of diffuse scattering peaks in the θ-2θ scan of [100] and  [111]-
oriented Fe81.6Ga18.4 single crystals slow-cooled from the A2 phase region suggests short-
range ordering with DO3 character in Fe81.6Ga18.4 alloy [40]. Qing et al. report that slow-
cooled alloys with Ga contents in the range of 22.5 to 28 at.% contain a single phase with 
DO3 structure [39]. Quenched Fe–25 at.% Ga and Fe–29.9 at.% Ga alloys show a phase 
mixture of A2, B2 and DO3 [41]. DO19 or L12 type ordered structure decreases the 
magnetostriction value to zero or very small negative values [10]. Based on these 
observations, a detailed analysis of phase formation and local atomic environment is 
required to extend the understanding of magnetostriction in Fe-Ga alloys. 
Study of ternary alloy systems by partial substitutions of Ga with elements Be, Al, 
Sn, Si and Ge have been done using single crystal or polycrystalline samples [42-44].  Be 
or Al substitution of Ga in the [100] textured polycrystalline Fe-Ga alloys does not 
significantly reduce the magnetostriction [42]. Substitution of Ga with Sn, Si and Ge 
results in a decrease of magnetostriction in the polycrystalline and single crystal Fe-Ga 
alloys [43-44]. 
By applying an optimal compressive stress, the saturation magnetostriction can 
generally reach a maximum value which is larger than the unloaded condition. For the 




















(γFe) 0 to 3.5 cF4 Fm 3 m 
(αFe) 0 to 41 cI2 Im 3 m 
α' 36.5 to 53.0 cP2 Pm 3 m 
α'' 26.9 to 37.1 cF16 Fm 3 m 
α''' 26.9 to 30.4 cF16 Fm 3 m 
βFe3Ga 30.5 to 33.8 hP8 P63/mmc 
αFe3Ga 30.7 to 34.0 cP4 Pm 3 m 
βFe6Ga5 50.0 to 51.0 hR26 R 3 m 






unloaded condition to about 290 x 10-6 at 80 MPa [45]. This result is consistent with the 
general trend. But as the Ga content increases to 24.7 and 29 at.%, the saturation 
magnetostriction decreases as the applied stress increases [45, 46]. This effect was 
suggested to be caused by the complex elastic interaction of different phases formed at 
high alloy compositions but no detailed examination has been done yet. 
2.2.4.4 Fe-W Alloys 
 Compared to Fe-Ga alloys, a very limited amount of work has been done on the 
Fe-W alloys. Figure 2.6 shows the Fe-W phase diagram and the crystal structures of the 
stable phases in different conditions are shown in Table 2.2 [47]. Thuanboon et al. 
prepared single crystal samples of Fe-4.4 at.% W and Fe-10 at.% W to examine the 
magnetostriction values of these alloys in the as-grown and annealed conditions 
[11,17,18]. Garside extended this work with the measurements of (3/2)λ100 
magnetostriction coefficients of Fe-3 at.%W, Fe-6 at.%W and Fe-7.5 at.%W single 
crystals [22]. Their work showed a general trend of increase in magnetostriction as the W 
content increases. For each percentage increase in solute content, Fe-W alloys provide a 
larger increase of magnetostriction compared to Fe-Ga alloys. However, the solid 
solubility limit for W in Fe without forming a second phase is relatively low compared to 
Fe-Ga alloys and this limits the maximum magnetostriction observed in these alloys. In 
order to get the saturation magnetostriction λsi value for a Fe-W alloy system, 
measurements of λ111 magnetostriction coefficients are required. A study of changes in 














Table 2.2 Equilibrium phases and related crystal structures of iron-tungsten alloy [47] 






(γFe) 0 cF4 Fm 3 m 
(αFe) 0 cI2 Im 3 m 
Fe7W6 (μ) ~70.5 hR13 R 3 m 
FeW (δ) ~77.2 Orthorhombic P212121 
Metastable phase    









2.3 Extended X-ray Absorption Fine Structure (EXAFS) 
2.3.1 Introduction of EXAFS  
Extended x-ray absorption fine structure (EXAFS) is part of the x-ray absorption 
fine structure (XAFS) spectroscopy and it is a unique tool for studying the atomic and 
molecular scale local structure around the selected elements inside a material [19]. There 
are two main regions contained in typical x-ray absorption spectra, the x-ray absorption 
near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS). A 
typical x-ray absorption spectrum obtained from this work is shown in Figure 2.7. In the 
figure, the x-axis is the energy of the x-ray photon and the y axis is the x-ray absorption 
coefficient measured during the experiment. The first region which is within about 50eV 
of the absorption edge is referred to as the XANES region; the second region somewhat 
past the absorption edge and extending to about 1000 eV is the EXAFS region which is 
the focus of this work. There are several unique features of EXAFS. First, it is a 
technique focusing on the local atomic environment and long-range order is not required. 
Second, each element inside a material can be studied separately as the x-ray energy can 
be tuned for the specific absorption edge of each element.  Third, EXAFS has a relatively 
smaller resolution compare to a lot of other techniques used in the similar area. 
2.3.2 EXAFS History 
The first observation of the x-ray absorption edge was done by Maurice de 
Broglie in 1913 on the K-edge of Ag and Br in the photographic emulsion [48]. About 7 
years after that, the first experimental detection of the extended x-ray absorption fine 
structure was done by Fricke for the K-edge of elements Mg, Fe and Cr [49] and by Hertz 














on the temperature dependence in EXAFS in gases [51]. In the same year, the first theory 
of EXAFS using quantum mechanics was accomplished by Kronig [52]. This has been 
called the long-range order (LRO) theory for EXAFS but later on, it was shown that there 
is a fundamental error in this theory. One year after that, Kronig developed another 
EXAFS short-range order (SRO) theory for molecules [53] which first considered  the 
effect of backscattered photoelectrons from the surrounding atoms on the final state wave 
function. Kostarev worked on Kronig’s SRO theory and proved it is also applicable to the 
condensed state matter [48]. In 1963, the Debye-Waller factor was introduced to EXAFS 
theory by Schmidt to account for the thermal vibrations and structural vibrations [48]. 
From 1965 to 1975, extensive work was done by Lytle, Stern and Sayers, including first 
determination of the nearest neighbor distance using EXAFS and development of Fourier 
transform analysis [54-57]. The use of synchrotron radiation for EXAFS study improves 
both the experimental speed and data quality which opened a new era in EXAFS 
research. 
2.3.3 Synchrotron Radiation for EXAFS 
Almost all of the modern EXAFS measurements were done by using the x-ray 
generated from a synchrotron. Typically, a synchrotron is built by evacuated pipes guided 
around a closed ring shape path of 100 to 1000 meter circumference by vertical magnetic 
fields [58]. The electrons generated by a hot cathode can be accelerated inside the ring  to 
speeds close to the speed of light These high energy electrons emit high power 
electromagnetic radiation with more directional radiation pattern. The main benefit of 
using synchrotron radiation in EXAFS study is the high energy x-ray with more 
directional radiation pattern which makes its easier to employ x-ray optics [19]. A special 
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kind of monochromator designed for continuous energy scanning is used on the 
synchrotron beam line and the energy resolution of the typical x-ray beam used for 
EXAFS measurements can be as small as 1eV. This high energy and high resolution x-
ray beam provides both faster scan speed and better data quality in EXAFS experiments. 
2.3.4 Basic Physics of EXAFS 
During an EXAFS measurement when the energy of the x-ray photon is large 
enough, a bound electron in one of the shells of an atom will be ejected as a 
photoelectron, leaving behind a core hole in the atom. The absorption edge corresponds 
to the energy of the x-ray photon just enough to free a bound electron. If the electron is 
from the most tightly bound n=1 shell, the edge is called a K-edge and if the electron is 
from the n=2 shell, the edge is called an L-edge. Quantum mechanically, the 
photoelectron generated in this way must be treated as a wave with a wavelength λ which 
is given by  
p
h
=λ                                                             2.20 
where p is the momentum of the photoelectron and h is Planck’s constant. In the EXAFS, 







−= ν                                                2.21 
where m is the mass of the electron, ν is the frequency of the x-ray photon and E0 is the 
binding energy of the electron. 
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When the outgoing photoelectron wave reaches the surrounding atoms, as shown 
in Figure 2.8, it will get scattered and the state of the photoelectron will be modified 
based on the nature of surrounding atoms. This modified photoelectron will be scattered 
by another surrounding atom or scattered back to the initial atom and forms a 
backscattered wave. Depending on the relative phase of the backscattered wave, it may 
work to add or subtract the outgoing wave from the center atom and enhance or reduce 
the total amplitude of the electron wave function. This modification of the photoelectron 
wave adjusts the probability of x-ray absorption. As the energy of the photon varies, its 
wavelength varies following the Equations 2.20 and 2.21. If at certain energy, the 
backscattered wave is in phase with the outgoing one, a peak will be present in the 
EXAFS spectra; and if the backscattered wave is out of phase with the outgoing one, a 
valley will occur. As a result, the distance between atoms can be determined by the 
analysis of the phase variation with the wavelength of the photoelectron, and the type of 
surrounding atom can be determined by analysis of the variation of backscattering 
strength as a function of the energy of photoelectrons [59].  
2.3.5 EXAFS Equation 
The basic idea of EXAFS modeling is to do evaluation and calculation by using 
the EXAFS equation for each scattering path. The parameters describing the local atomic 
structure can be obtained from the calculation result that fits best to the experimental 
EXAFS spectra. The equation used in this work is the classic EXAFS equation of Stern, 




























where 20 /)(2 EEmk −=  is the free photoelectron wave number, E refers  to the 
photon energy and E0 refers to the absorption threshold for core electron excitation, 
jNS
2
0  is the effective coordination number, fj(k) is the scattering amplitude, Rj is the 
distance to neighboring atoms, λ(k) is the mean-free path that depends on the atomic 
number, 2jσ  is the mean square variation of distances about the average Rj to atoms in 
the jth shell and δj(k) is the phase-shift that depends on atomic number.  
In the classic EXAFS equation, χ(k) is the fractional change in the absorption 
coefficient μ(E) that is introduced by the presence of neighboring atoms. This correction 
factor is defined by 
00 /)( µµµχ −=                                              2.23 
where μ(E) is the total absorption coefficient and the μ0(E) is the absorption coefficient 
for an isolated atom. In the EXAFS theory, the absorption coefficient can be describe by 
Fermi’s Golden Rule as a transition between quantum states [61] 
2
~)( >Η< fiEµ                                           2.24 
where i is the initial state that has a core level electron and a photon, H is the interaction 
and f is the final state that has a photoelectron, a hole in the core and no photon. The 
initial state is not affected by the neighboring atoms, but the final state is dependent on 
the photoelectron scattering events happening at the neighbor atoms. 
The effective coordination number jNS
2
0  includes two parts; Nj is the 
coordination number of the jth nearest neighbor shell and S02 is the amplitude reduction 
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term which is due to the relaxation of all the other (N-1) electrons in the absorbing atom 






−− ΦΦ= NNfS                                            2.25 
where the 10
−Φ N is the wave function state of the unexcited atom and 1−Φ Nf is the 
electron state relaxation of the other N-1 electrons in the excited atom. 
In this EXAFS modeling work, specified variables have been defined for Rj, Nj, 
2
jσ  and δj(k) and related data about the local atomic environment were obtained. 
2.3.6 Previous EXAFS Studies on Fe-Ga Alloys 
EXAFS has been considered as a powerful tool for the analysis of the local 
structure at atomic and molecular scale and a huge amount of research has been done on 
various kinds of materials. However, as a result of the difficulty in data analysis, there is 
only a very limited amount of work that has been done about the study of Fe-Ga alloy 
using EXAFS. 
Pascarelli et al. show that inside a Fe80Ga20 melt-spun ribbon crystal structure, the 
first shell Fe-Ga bonds exhibit a +1% strain with respect to the first shell Fe-Fe bonds 
and the second shell Ga-Ga distance has a +4% strain in the <001> crystallographic 
direction with respect to the corresponding Fe-Fe distance [62]. Turtelli et al. have done a 
study on Fe85Ga15 melt-spun ribbon and found that there is about +1% strain on the first 
shell Fe-Ga bond and a +0.3% strain on the second Fe-Ga shell in the  A2 structure with 
random substitution of Fe and  Ga atoms [63]. Gao et al. studied the effect on the Fe-Fe 
and Fe-Ga bonds on adding boron to Fe-Ga thin films and showed that Fe-Fe/Ga bond 
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distances and the lattice parameters reduced as the boron content increased [64]. More 
recently, Garside analyzed the Ga-Ga bond distance in the Fe-27.5 at.% Ga single 
crystals with different thermal histories and showed a large increase in the Ga-Ga first 
nearest neighbor distance after long-term annealing treatment [22]. 
Because of the very limited amount of information about the local atomic 
environment of Fe-Ga alloy and the importance of this alloy in magnetostriction research, 
a detailed EXAFS analysis of Fe-Ga alloys of various solute contents and different 




 CHAPTER 3 
OBJECTIVES AND METHOLOGY 
There are four main objectives for this work. The first objective is to study the 
changes in magnetostrictive coefficient λ100 by W substitution for Ga in various Fe-x at.%  
Ga alloys and various heat treatment conditions (directionally grown and annealed) for 
Fe-Ga alloy single crystals. The compositions of Fe-Ga-W single crystals used for this 
study are Fe-12.5 at.% Ga-2.5 at.% W, Fe-15 at.% Ga-2.5 at.% W and Fe-17.5 at.% Ga-
2.5 at.% W alloys. Single crystals for each composition were grown by the vertical 
Bridgman technique. [001]-oriented single crystal samples were prepared by crystal 
orientation using XRD and polishing. Samples were annealed in the α-phase region to 
obtain more homogeneous structure. Values of (3/2)λ100 magnetostriction coefficients 
were calculated based on the strain measurements using a strain gage along the <001> 
direction on the oriented crystals in  both as-grown and annealed conditions. Saturation 
magnetization values were also measured using a VSM system on the as-cast samples. 
The second objective is to study the changes in magnetostriction coefficient λ111 
with W content and heat treatment conditions. Single crystals of Fe-3 at.% W, Fe-6 at.% 
W and Fe-7.5 at.% W were grown by the vertical Bridgman technique. [220] or [211]-
oriented disc shaped single crystals with the <111> direction lying parallel to the disc 
faces were prepared, XRD was used to determine crystal orientation and this information 
was used in cutting and polishing. Samples were annealed in the α-Fe phase region. 
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Magnetostriction measurements along the <111> direction were done on all the crystals 
in both the as-grown and annealed conditions. Using the (3/2)λ111 magnetostriction 
coefficients from this study coupled with earlier measurements of (3/2)λ100 
magnetostriction coefficients, λsi for various crystallographic orientations can be 
calculated.  
The third objective is to study the presence of B2 and DO3 ordered domains in 
annealed and water quenched Fe-27.5 at.% Ga alloy single crystals and the variation in 
their distribution as a function of depth from the surface to understand the influence of 
sample size and thermal history on the nature of short-range and long-range ordering. 
Single crystal of Fe-27.5 at.% Ga alloy were grown using the vertical Bridgman 
technique and disc shaped [111]-oriented single crystals were prepared. Annealing in the 
α-phase region was performed on the crystal followed by rapid water quench. Theta- 2 
theta XRD scans were performed as a function of depth by sequentially removing 
material through controlled polishing steps up to 200μm from the top surface. Volume 
ratio of B2 and DO3 long-range ordered domains was calculated based on the XRD 
patterns for each depth. The temperature gradient formed at the surface of the sample 
during quenching was calculated. 
The fourth objective is to study the local atomic environment of Fe-Ga alloys by 
using EXAFS analysis. Compared to the earlier analysis methods, the Fe and Ga K-edge 
scans have been fit simultaneously for all the ARTEMIS® projects. The error ranges of 
fit results have been decreased by adjusting the variables and applying restraints. 
Scattering factor differences of Fe and Ga atoms were considered during the building of 
the crystal model for FEFF calculation. EXAFS analysis of the first nearest neighbor 
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distances were done for three Fe-Ga single crystals with various alloy compositions (Fe-
27.5 at.% Ga, Fe-20 at.% Ga and Fe-15 at.% Ga) and thermal histories (as-grown, long-
term annealed and ordered). EXAFS analysis was extended to the second nearest 























4.1 Magnetic and Magnetostriction Study of Single Crystals 
4.1.1 Alloy Preparation and Vacuum Arc Melting 
The ingots of Fe-x at.% W and Fe-x at.% Ga-2.5 at.% W alloys were prepared 
from high purity elements using an Edmund Beuhler® high vacuum arc-melting system. 
By using a digital balance, each element of the alloys was weighed out carefully to 
control the error to less than 0.001 at.% from the desired alloy composition. For every 
alloy, 5 sets of material weighting about 25g each were prepared for arc-melting and 
directional casting. As Ga has a relative low melting temperature and lower boiling point 
than Fe, extra Ga (2% of the desired Ga content) was added to the alloy to minimize the 
effect of vaporization loss of Ga during arc melting.  
The elemental mixtures were first loaded in the vacuum arc-melting system. 
Before melting, the chamber was evacuated using an Edwards® diffusion pump down to 
<10-4 Torr and then backfilled with ultra-high purity (UHP) argon to about 0.7 
atmosphere to minimize the oxygen and water molecules deposition on the sample and 
chamber surface. A small titanium piece was first melted to get any remaining oxygen or 
moisture inside the chamber. Arc-melting of alloy was started with a low power level, 
then the power was gradually increased to a higher level to melt and mix the elements 
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completely. The lowest power level has been used in order to minimize the amount of Ga 
loss during arc-melting. Each ingot was flipped over and remelted 4 to 6 times to ensure 
homogeneity before directional casting. 
4.1.2 Directional Casting 
Directional casting of alloy rods was carried out inside the arc-melting chamber. 
Each 25g ingot of Fe-x at.% W and Fe-x at.% Ga-2.5 at.% W alloys was loaded on a 
copper block with a thick 9.5 mm alumina sleeve insulating the 12.5mm diameter 
cylindrical cavity.  After the complete melting of the ingot, the liquid metal was allowed 
to flow into the cylindrical cavity and touches the water-cooled surface at the bottom of 
the copper block. Solidification was initiated at the bottom side with water cooling, and 
progressed upward along the rod and finished within a few seconds. Due to the rapid one-
dimensional heat extraction, columnar crystals formed in the preferred crystallographic 
orientation which will benefit the directional growth process.  The metal oxidization was 
also minimized as most of the metal surface was covered by alumina sleeve or copper 
block during solidification. The cast rods which are about 9.4mm in diameter and 24mm 
in length are referred to as as-directionally-cast ingots. Figure 4.1 shows a schematic of 
the directional casting experimental setup. 
4.1.3 Directional Growth 
The setup for the directional growth processing consists of a MoS2 resistance 
heated 2-zone furnace. The two heating zones in this furnace can be maintained at the 
same or different temperature and provide a temperature gradient along the tube 













interface can be obtained by using a stepper-motor to move the sample tube down the 
temperature gradient at a low speed. In this case, solidification and single crystal 
formation will start at the bottom of the alumina tube as the liquid metal moves down the 
temperature gradient.  
The cast alloy rods were loaded inside a 12.5 mm in diameter and 76 mm long 
close-one-end alumina tube. The open end of the tube was connected to a mechanical 
pump and ultra-high purity (UHP) argon gas cylinder. The tube was set inside the furnace 
with the sample positioned at the maximum temperature region. Before the start of 
heating, the tube was evacuated and refilled with UHP argon several times to ensure 
removal of oxygen and a low rate argon flow was maintained during the directional 
growth. After 2 hours holding of the sample in the maximum temperature region to 
ensure the complete melting of alloys, the tube was moved down at a speed of 22.5 mm/h 
through the temperature gradient. The predefined temperatures used for the three single 
crystals were 1550 °C for Fe-17.5 at.% Ga-2.5 at.% W, 1560 °C for Fe-15 at.% Ga-2.5 
at.% W and 1570 °C for Fe-12.5 at.% Ga-2.5 at.% W. Figure 4.2 shows a schematic of 
the directional growth experimental setup. 
4.1.4 Single Crystal Orientation and Preparation 
X-ray examination of the single crystal was performed using the Cu Kα radiation 
in a Siemens® D5000 x-ray diffractometer. The as-directionally grown (DG) rod may 
contain several single crystals, and a cut was done at the region with the largest crystal. 
The sample was polished and mounted flat on the XRD sample holder. A θ-2θ scan was 











phi axis and the detector is rotated at a rate that is double the sample speed. A θ-2θ scan 
pattern was obtained with a series of peaks corresponding to different planes of the Fe- 
based alloy’s BCC structure. The value of 2θhkl peaks in the 10˚ to 125˚ range of the θ-2θ 
scan pattern was obtained and these included (110), (200), (211), (220) and (310) peaks. 
These 2θhkl values were used to perform rocking curve and phi scans to identify the 
crystal orientations.  
The shape of the sample crystal for a magnetostriction coefficient (3/2)λ100 
measurement is a rectangular parallelepiped with all six faces oriented to within 1˚ off the 
[001] direction. For a magnetostriction coefficient (3/2)λ111 measurement, the samples 
were disc-shaped single crystals with both faces oriented to within 1˚ from the [220] 
direction or [211] direction. For the Fe-27.5 at.% Ga sample used in B2 and DO3 phase 
analysis, about 2 mm thick plate samples oriented to within 0.25° from the [001] or [111] 
direction were prepared. 
4.1.5 Magnetostriction Measurement 
Strain gages were used to measure the magnetostriction coefficient values for the 
single crystal samples. For measuring the (3/2)λ100 magnetostriction coefficient, the strain 
gage was mounted at the center of the longitudinal [100]-oriented face along the [001] 
direction and strain measurements were made with magnetic field parallel or 
perpendicular to the [001] direction. For measuring the (3/2)λ111 magnetostriction 
coefficient, the strain gage was mounted at the center of the [220] or ]211[ -oriented face 
along the ]111[  direction and measurements were made with magnetic field parallel and 
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 perpendicular to the ]111[  direction. Figure 4.3 shows a schematic of the experimental 
setup for both λ100 and λ100 magnetostriction measurements. The full bridge technique 
was used with an active strain gage attached to the [001], [220] or ]211[ -oriented sample 
face and three dummy gages attached to a Bi rod, which has a coefficient of thermal 
expansion similar to Fe. Magnetic field was applied using a magnetic field surrounding 
the sample. Magnetostriction and applied magnetic field signal was collected by the 
IOTECH® ADC 488/16A analog digital convertor and IOTECH® MUX 488/16SC 
signal conditioning multiplexer. A LabVIEW® program was used to acquire and plot the 
data of magnetostriction versus applied magnetic field. A zero field strain value was 
measured before applying the field and input into the program for zero correction 
4.1.6 Heat Treatment 
Single crystal samples were glass-sealed in quartz tubes with argon atmosphere to 
prevent oxidation during heat treatment. These crystals were heated up to a certain 
temperature, which is within the alpha phase region of Fe-based alloys, and annealed for 
4 hours. This temperature was decided based on the relevant phase diagrams. A rapid 
water quench of these samples was performed after taking the sample out of the furnace 
so as to retain the alpha phase crystal structure at room temperature. A slight surface 
polish is required for removing the oxide layer formed during annealing. Parallel and 
perpendicular magnetostriction measurements were performed on the single crystals 
again. 
4.1.7 Magnetization Measurement 














as-directionally-cast ingots of Fe-12.5 at.% Ga-2.5 at.% W, Fe-15 at.% Ga-2.5 at.% W 
and Fe-17.5 at.% Ga-2.5 at.% W alloys. Magnetic properties were determined using a 
LakeShore® Model 7307 vibrating sample magnetometer with a LakeShore® Model 735 
VSM control electronics and a LakeShore® Model 450 Gaussmeter with maximum 
applied field of 10 kG at room temperature. 
4.2 Extended X-ray Absorption Fine Structure Study of Fe-base Alloys 
4.2.1 Beamline Setup and Data Collection 
The extended x-ray absorption fine structure (EXAFS) data were obtained in 
earlier research. The x-ray used in the EXAFS measurement was split off from the 
synchrotron ring and sent down to the beamline station through a straight evacuated tube. 
After exiting the tube and before passing through the ion chamber, the x-ray beam was 
pointed downward by a Pd-coated flat mirror and focused by a Pd-coated torroidal mirror 
to a size of 0.8 x 1.2 mm. The sample was taped on the sample holder which was located 
39 cm from the ion chamber and rotated 45˚ from the incoming beam . The detector used 
in this work is a Canberra 13-element Ge detector placed 19.3 cm from the sample holder 
at an angle of 90° from the incoming beam direction to minimize elastic scattering in the 
detector and reduce dead time. Figure 4.4 shows the beamline setup for EXAFS 
measurements. To decrease the dead time of measurement, the count rate has been 
limited to 100,000 counts/sec by placing aluminum foils in front of the detector. Each of 
these 30μm thick aluminum foils can reduce the count rate by half and based on the 
measurement, more than one foil may be used. As EXAFS measurement is sensitive to 
the sample surface condition, all of the single crystals were polished with 0.03μm 

















any oxide layer. All the data were collected in the fluorescence mode. Fe scan was 
measured with fluorescence energy of Fe K-alpha at 6400eV for Fe K-edge absorption at 
7112 eV. Ga scan was made with fluorescence energy of Ga K-alpha at 9250eV for Ga 
K-edge absorption at 10367eV. Each scan takes about 20 minutes and 5 to 7 scans were 
taken for each alloy single crystal.  
4.2.2 Data Processing 
All the scan data sets were processed using the ATHENA® software for the 
preparation of data analysis. ATHENA® is a graphical front for processing EXAFS data 
based on the IFEFFIT library written in the Perl programming language [65]. By using 
the ATHENA® software, the raw data obtained from EXAFS measurements were first 
converted to μ(E) spectra. All of the 5 to 7 scans of the same sample were then merged by 
calculating the average and standard deviation at each point in the μ(E) energy space to a 
single data set. Another important correction done on the scan data by ATHENA® is 
self-absorption correction. Self-absorption happens as the fluorescence photon generated 
may be re-absorbed before escaping the sample. For an ideal condition, it can be taken 
into data analysis consideration by applying the photoelectric part of the x-ray absorption 
coefficient. However, the mean absorption depth in the fluorescence mode EXAFS 
measurement is not a constant as the energy of incident photon E keeps changing. This 
leads to the changes in the probability of fluorescence photon re-absorbed by the sample 
and causes attenuation in the oscillatory structure of χ. The self-absorption correction 




4.2.3 Data Analysis 
ARTEMIS® software was used for EXAFS data analysis in this work. 
ARTEMIS® is software included in the IFEFFIT software package with a graphical front 
for analysis of EXAFS data using the theoretical models based on the FEFF program 
[65]. The basic idea of ARTEMIS® is the FEFF’s multiple-scattering path expansion. A 
series of possible scattering paths are defined by the user. For each scattering path, the 
EXAFS equation is evaluated and calculated by the FEFF program. The results of all the 
defined scattering paths are summed and fit to match with the experimental spectra [66]. 
To define the possible scattering paths, a specified kind of unit cell with atoms 
placed at the correct location is required for set up in the Atoms page of ARTEMIS®. For 
the Fe-based alloy single crystals studied in this work, the crystal structure is a simple Fe-
based body centered cubic (BCC) structure with other element atoms substituted at 
various atomic sites. A core atom at position (0, 0, 0) is referred to as the absorbing atom 
and it may be defined as an iron or other alloy element atom based on the data set. The 
lattice parameters for different alloys were calculated using the XRD data and input to 
ARTEMIS® as one of the constants. Take Fe-x at.% Ga alloy for example. For the first 
nearest neighbor modeling, the type of atom at the first nearest neighbor position of the 
BCC structure (0.5, 0.5, 0.5) needs to be defined. The four types of atomic arrangement 
for the first nearest neighbors were Fe-Fe and Fe-Ga for Fe K-edge scans, and Ga-Fe and 
Ga-Ga for Ga K-edge scans. For the first nearest neighbor modeling, all the other atoms 
above the first nearest neighbor have been defined as the average value based on the alloy 
composition.  
 57 
Second nearest neighbor modeling also uses the same data, but the atomic 
arrangement of scattering paths has been defined specifically up to second nearest 
neighbors or second scattering atoms. Beyond second nearest neighbor, random 
distribution of the solute atom is assumed. For a Fe-x at.% Ga alloy, the defined atomic 
arrangements include Fe-Fe-Fe, Fe-Fe-Ga, Fe-Ga-Fe and Fe-Ga-Ga for Fe K-edge scan 
data or Ga-Fe-Fe, Ga-Fe-Ga, Ga-Ga-Fe and Ga-Ga-Ga for Ga K-edge scan data. Then, 
ARTEMIS® software will calculate all the possible scattering paths based on the defined 
crystal structure and atomic arrangement. For each possible scattering path, a variable or 
constant of interatomic distance, coordination number of different type of atoms and the 
mean-square disorder of neighbor distance is required. In order to get a modeling result 
with physical meaning, some restraints need to be applied to the variables.  
The ARTEMIS® projects used in this work were programmed based on the 
following ideas. For each alloy with specified thermal history, the Fe K-edge and Ga K-
egde data sets were included in the same ARTEMIS® project which makes it possible to 
fit multiple data sets of the same sample simultaneously and provide very good data 
consistency. Each atomic arrangement was defined as an individual FEFF calculation. 
The scattering factor difference between Fe and Ga atoms was taken into consideration in 
the atom list of the FEFF calculation and also the variables of amplitude for scattering 
paths. A common restraint has been introduced to all the amplitude variables in one data 
set to ensure the coordination number of atoms will match with the alloy composition. 
Variables for interatomic distance and mean-square disorder of neighbor distance were 
defined individually for each FEFF calculation and the method of combination of these 
variables was defined specifically for each scattering path. A series of restraints were 
 58 
introduced to the projects to ensure the variables will not exceed their physical 
limitations. By applying all of these ideas into the programming of ARTEMIS® projects, 
the freedom and constraints of the projects have been managed with a reasonable balance 
which increases the possibility of acquiring theoretically meaningful and relative high 
quality fit results. 
Several parameters were used to identify the quality of the fit data generated by 
the ARTEMIS® program. A high quality fit should show a visible good match between 
the theoretical spectra generated by calculation and the experimental spectra obtained 
from measurement. The parameters of R-factor, Chi-square and reduced Chi-square are 
good references for the quality of spectra match. The E0 value correlated to the edge 
energy used in the experiment should not shift too much. The delE0 parameters which 
stand for the change of E0 value should be within the range of {-10, 10}. The amplitude 
parameters should be within {0.5, 1.2}. And the restrains introduced in the fit should not 
have a large value. 
After successful program fits of the calculation result to the experimental spectra, 
the mean values and uncertainties of the variables for all the scattering paths up to sixth 
nearest neighbor can be obtained in the fit result. Depending on the number of atomic 
arrangements defined during the program setup, interatomic spacing and atomic 
coordination numbers up to the first or second nearest neighbors that are meaningful can 
be obtained. An understanding of the local atomic environment can be obtained based on 
analysis all of these results. 
 
 CHAPTER 5 
RESULTS AND DISCUSSION 
5.1 Magnetostriction and Magnetic Studies of Fe-Ga-W Alloys 
5.1.1 XRD Analysis of Single Crystals 
XRD analyses were done for all of the single crystals during sample preparation 
to obtain the crystal orientation information of each sample. Figure 5.1 shows the θ-2θ 
XRD scan of the Fe-12.5 at.% Ga-2.5 at.% W alloy sample after the first cut made on the 
DG rod. Several peaks were observed on the θ-2θ XRD scan pattern. Each peak 
corresponds to different crystal planes based on its 2θ value. As discussed in the 
experimental section, the single crystal was oriented based on the XRD data. 
If the sample is carefully oriented, there will be diffraction only from the {h00} 
family of planes of a [001]-oriented single crystal. Figure 5.2 shows the θ-2θ scan made 
on the (100) face normal to the longitude axis of the Fe-12.5 at.% Ga-2.5 at.% W single 
crystal sample prepared for magnetostriction measurements and the 2θ value 
corresponding to (200) fundamental reflection is 64.20°. Figure 5.3 shows the rocking 
curve scan made on one of the [100]-oriented faces with the detector position fixed at the 
angular position 2θ200= 64.20° and the sample rotated about the diffractometer axis. The 
angle between sample and x-ray source beam direction is denoted by ω. The maximum 


























Figure 5.1 Theta- 2 theta x-ray diffraction scan on the first cut face of DG rod of the Fe-
























Figure 5.2 Theta- 2 theta x-ray diffraction scan on the (200) face of the [001]-oriented 
























Figure 5.3  Rocking curve x-ray diffraction scan on the (200) face of the [001]-oriented 







satisfies the Bragg condition and an intensity peak will be recorded on the rocking curve 
scan. The deviation of ω from the value corresponding to the half of the 2 θhkl value is the 
deviation of the sample face orientation from the desired crystal orientation. Figure 5.3 
shows that the ω value at the peak position  is 31.86°  and  therefore,  the face is  oriented 
within 0.25° from  the [001] orientation. This single crystal orientation work was done on 
all the faces of Fe-12.5 at.% Ga-2.5 at.% W, Fe-15 at.% Ga-2.5 at.% W and Fe-17.5 at.% 
Ga-2.5 at.% W single crystals samples on which magnetostriction measurements were 
made. 
5.1.2 Magnetostriction Measurement of (3/2)λ100 Coefficient 
The magnetostriction measurements were made along the [001] direction by 
applying the magnetic field parallel or perpendicular to this direction. The strain gages 
were mounted parallel to the [001] crystal axis and λparallel was obtained by applying the 
magnetic field along the [001] crystallographic direction. The λperpendicular 
magnetostriction strain values were obtained by applied magnetic field perpendicular to 
the [001] direction which will be the [010] direction. Figure 5.4 shows the 
magnetostriction strain value versus applied magnetic field curves for λparallel and 
λperpendicular measurements corresponding to the as-grown condition of the Fe-12.5 at.% 
Ga-2.5 at.% W single crystal. The magnetostriction coefficient (3/2)λ100 of each alloy 
single crystal was calculated using the equation (3/2)λ100 = λparallel - λperpendicular. Similar 
measurements were also done for the [001]-oriented Fe-17.5 at.% Ga-2.5 at.% W and Fe-
15 at.% Ga-2.5 at.% W single crystals and the magnetostrictive strain versus applied 
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Figure 5.4 Magnetostrictive strain value versus applied magnetic field curves for the 
[001]-oriented Fe-12.5 at.% Ga-2.5 at.% W single crystal in the as-grown 
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Figure 5.5 Magnetostrictive strain value versus applied magnetic field curves for the 
[001]-oriented Fe-15 at.% Ga-2.5 at.% W single crystal in the as-grown 
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Figure 5.6 Magnetostrictive strain value versus applied magnetic field curves for the 
[001]-oriented Fe-17.5 at.% Ga-2.5 at.% W single crystal in the as-grown 




Table 5.1 shows the magnetostriction coefficient (3/2)λ100 values in the as-grown 
condition for [001]-oriented Fe-17.5 at.% Ga-2.5 at.% W, Fe-15 at.% Ga-2.5 at.% W and 
Fe-12.5 at.% Ga-2.5 at.% W single crystals. 
After magnetostriction measurements in the as-grown condition, all of the Fe-Ga-
W alloy single crystals were annealed at 1150°C for 4 hours followed by rapid water 
quenching to obtain the disordered α-phase at room temperature. Measurements of 
magnetostriction coefficient (3/2)λ100 values were carried out on all of the samples after 
annealing. Figures 5.7, 5.8 and  5.9 show the magnetostrictive strain value versus applied 
magnetic field curves for λparallel and λperpendicular measurements in the annealed conditions 
of Fe-17.5 at.% Ga-2.5 at.% W, Fe-15 at.% Ga-2.5 at.% W and Fe-12.5 at.% Ga-2.5 at.% 
W single crystals. Table 5.2 shows the magnetostriction coefficient (3/2)λ100 values in the 
annealed condition for [001]-oriented Fe-17.5 at.% Ga-2.5 at.% W, Fe-15 at.% Ga-2.5 
at.% W and Fe-12.5 at.% Ga-2.5 at.% W single crystals. 
Figure 5.10 shows a plot of magnetostriction coefficients (3/2)λ100 value versus 
solute content in Fe, obtained from the data of Fe-Ga-W alloy single crystals from this 
work and Fe-Ga alloy single crystal data reported in earlier work [11]. As the Ga content 
increased by 2.5 at.% from Fe-12.5 at.% Ga-2.5 at.% W to Fe-15 at.% Ga-2.5 at.% W, 
the magnetostriction coefficient (3/2)λ100 value in the annealed condition increased by 
about 67%. Further increase in Ga content by 2.5 at.% from Fe-15 at.% Ga-2.5 at.% W to 
Fe-17.5 at.% Ga-2.5 at.% W  decreases the magnetostriction value by about 48%. 
Compared to the Fe-Ga alloy with similar solute content, W substitution results in at least 










Table 5.1 Magnetostriction coefficient (3/2)λ100 values for [001]-oriented Fe-Ga-W 
alloy single crystals in the as-grown condition. 
Alloy Composition Magnetostriction coefficient (3/2)λ100  (x 10-6) 
Fe-17.5 at.% Ga-2.5 at.% W 242 
Fe-15 at.% Ga-2.5 at.% W 146 
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Figure 5.7 Magnetostrictive strain value versus applied magnetic field curves for the 
[001]-oriented Fe-12.5 at.% Ga-2.5 at.% W single crystal in the annealed 
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Figure 5.8 Magnetostrictive strain value versus applied magnetic field curves for the 
[001]-oriented Fe-15 at.% Ga-2.5 at.% W single crystal in the annealed 
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Figure 5.9 Magnetostrictive strain value versus applied magnetic field curves for the 
[001]-oriented Fe-17.5 at.% Ga-2.5 at.% W single crystal in the annealed 











Table 5.2 Magnetostriction coefficient (3/2)λ100 values obtained for [001]-oriented Fe-
Ga-W alloy single crystals in the annealed condition. 
Alloy Composition Magnetostriction coefficients (3/2)λ100  (x 10-6) 
Fe-17.5 at.% Ga-2.5 at.% W 203 
Fe-15 at.% Ga-2.5 at.% W 307 






















































Figure 5.10 Magnetostriction coefficients (3/2)λ100 value vs. solute content in Fe plots 







The substitution of W to various high Ga content Fe-x at.% Ga alloys can cause 
the  formation of ordered intermetallic second phases in the alpha-Fe alloy terminal solid 
solution matrix phase. These second phases have different crystal structure and densities 
compared to the matrix α-phase with disordered BCC structure and can introduce internal 
strains across the lattice. The reduction in the magnetostriction by W substitution is most 
likely related to the expected formation of these second phases and the associated strains. 
5.1.3 Magnetostriction Measurement of (3/2)λ111 Coefficient 
The magnetostriction measurements were made on the [220]-oriented Fe- 12.5 
at.% Ga- 2.5at.% W alloy disc-shaped single crystal to obtain the (3/2)λ111 
magnetostriction coefficient. The strain gage was mounted at the center of the [220]-
oriented face and parallel to the ]111[  crystallographic direction. Magnetostriction strain 
values were obtained by applying magnetic field along the ]111[  direction for λparallel and 
along the ]211[  direction for λperpendicular measurements. Figure 5.11 shows the 
magnetostriction strain value versus applied magnetic field curves of the as-grown Fe- 
12.5 at.% Ga- 2.5 at.% W alloy single crystal sample. The λparallel value observed is about 
-10 x 10-6 and the λperpendicular value is about 24 x 10-6. Based on the calculation (3/2)λ111 = 
λparallel - λperpendicular, the (3/2)λ111 value of Fe- 12.5 at.% Ga- 2.5 at.% W alloy was 
observed to be -34 x 10-6 for the as-grown condition. 
After magnetostriction measurements in the as-grown condition, the [220]-
oriented Fe- 12.5at.% Ga- 2.5at.% W single crystal was annealed at 1150°C for 4 hours 
followed by rapid water quenching. This heat treatment process minimizes the formation 
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Figure 5.11 Magnetostrictive strain value versus applied magnetic field curves 
obtained for the [220]-oriented Fe-12.5 at.% Ga-2.5 at.% W single crystal 
at as-grown condition, with applied magnetic field (a) parallel and (b) 
perpendicular to the ]111[  direction. 
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of magnetostriction coefficient (3/2)λ111 values were carried out on this sample after 
annealing in the same configuration as for DG condition measurements. Figure 5.12 
shows the magnetostriction strain value versus applied magnetic field curves for λparallel 
and λperpendicular measurements in the annealed condition of the Fe-12.5 at.% Ga-2.5 at.% 
W single crystal. In this condition, the λparallel value is about -32 x 10-6 and the λperpendicular 
value is about 15 x 10-6. The (3/2)λ111 magnetostriction coefficient value of annealed Fe- 
12.5 at.% Ga- 2.5 at.% W alloy was observed to be -47 x 10-6. By using the Equation 2.18 
discussed in the background section, the saturation magnetostriction λsi of all the 
crystallographic directions for this alloy can be calculated from  the (3/2)λ100 and 
(3/2)λ111 magnetostriction coefficients. 
5.1.4 Saturation Magnetization Measurement 
For saturation magnetization measurements, samples of Fe-12.5 at.% Ga-2.5 at.% 
W, Fe-15 at.% Ga-2.5 at.% W and Fe-17.5 at.% Ga-2.5 at.% W that were about 2 x 2 x 2 
mm3 in size were cut and prepared from the as-cast ingots as discussed in the 
experimental section. Hysteresis curves were obtained for all of the samples by applying 
magnetic fields up to 10 kG.  Figure 5.13 shows the hysteresis curve of the Fe-12.5 at.% 
Ga-2.5 at.% W alloy. The hysteresis curves of Fe-15 at.% Ga-2.5 at.% W and Fe-17.5 
at.% Ga-2.5 at.% W alloys are presented in Appendix B. The summary of the saturation 
magnetization for all of the Fe-Ga-W alloys is shown in Table 5.3.  Figure 5.14 shows a 
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Figure 5.12 Magnetostrictive strain value versus applied magnetic field curves 
obtained for the   [220]-oriented Fe-12.5 at.% Ga-2.5 at.% W single 
crystal at annealed condition, with applied magnetic field (a)  parallel and 
















-12000 -8000 -4000 0 4000 8000 12000





























Table 5.3 Magnetization values obtained for various Fe- x at.% Ga- 2.5 at.% W alloys 
Alloy Composition Magnetization (emu/g) 
Fe-12.5 at.% Ga-2.5 at.% W 164 
Fe-15 at.% Ga-2.5 at.% W 159 












































As the solute content increases, the magnetization of Fe-Ga-W alloys decreases 
rapidly. The drop in saturation magnetization after solute content increased to more than  
that of the Fe-15 at.% Ga-2.5 at.% W alloy is likely caused by the formation of 
intermetallic second phases. This result is consistent with the results of magnetostriction 
measurements. 
5.1.5 TEM Study of Fe-Ga-W Alloy 
The TEM sample of Fe-Ga-W alloy was prepared from the cut piece of the Fe-
17.5 at.% Ga-2.5 at.% W alloy single crystal. The 3mm diameter sample disc was 
oriented in the [001] crystallographic direction and annealed at 1150˚ C for 4 hours to 
obtain similar structure as the magnetostriction measurement sample. Figure 5.15 shows 
a bright-field TEM image obtained from the annealed Fe-17.5 at.% Ga-2.5 at.% W 
sample and no significant second phase region can be observed. Based on the image, the 
second phases formed inside the Fe-Ga-W alloy after annealing must be small domains 
coherent with the main disordered α-Fe matrix. Figure 5.16 shows the [001] diffraction 
pattern which indicates the high quality of the single crystal and orientation. Figure 5.17 
shows the Lorentz image obtained on the [001]-oriented single crystal face. Rod-shaped 
magnetic domains nicely aligned parallel to each other and along one crystallographic 
























Figure 5.16 Diffraction pattern of annealed Fe-17.5 at.% Ga-2.5 at.% W alloy single 











Figure 5.17  Lorentz image of annealed Fe-17.5 at.% Ga-2.5 at.% W alloy single crystal 





5.2 Magnetostriction Study of Fe-W alloys 
5.2.1 XRD Analysis and Single Crystal Characterization 
X-ray diffraction scans were made on all of the samples after large crystals were 
cut from a directionally grown ingot to obtain the crystal orientation data for each of the 
alloys. For an XRD θ-2θ scan pattern of an as-cut face, a set of peaks are observed. Each 
of these peaks corresponds to one of the crystal planes. Figure 5.18 shows the θ-2θ scan 
pattern of the as-cut face of the Fe-3 at.% W alloy DG ingot. As discussed in the 
experimental section, these 2θhkl values are used in the single crystal characterization 
using rocking curve scans. In the rocking curve scans, the detector is fixed at the 
corresponding 2θhkl value and the sample is rotated about the diffractometer axis. The 
position of the rocking curve peak provides the ω value of the cut face. The deviation of 
ω from the value corresponding to half of the 2 θhkl value is the deviation of the sample 
face orientation from the desired crystal orientation. Figure 5.19 shows the rocking curve 
scan of the [220]-oriented face of the Fe-3 at.% W single crystal. The ω value at the 
rocking curve peak position is 49.25°. As the θ220 value of this alloy is 49.17°, the face is 
already oriented within 0.1° off the desired [220] orientation. If the sample is perfectly 
oriented, there will be diffraction only from the (hh0) family of planes of a [220]-
orientation single crystal. Figure 5.20 shows the θ-2θ scan made on the (220) face of the 
disc-shaped Fe-3 at.% W single crystal prepared for λ111 magnetostriction measurements. 
Only the 2θ peaks corresponding to the (110) fundamental reflection at 44.68° and (220) 
fundamental reflection at 98.58° appeared in the XRD pattern which proved the quality of 






















Figure 5.18 Theta- 2 theta x-ray diffraction scan on the first cut face of DG rod of the 
























Figure 5.19  Theta- 2 theta x-ray diffraction scan on the (220) face of the [220]-oriented 
























Figure 5.20  Rocking curve x-ray diffraction scan on the (220) face of the [220]-oriented 








the [220]-oriented Fe-7.5 at.% W and [211]-oriented Fe- 6 at.% W single crystals. The 
list of disc-shaped Fe-x at.% W single crystals and their corresponding orientation are 
shown in Table 5.4, and the related θ-2θ scans on the as-cut faces, rocking curve scan on 
oriented faces and θ-2θ scans on oriented faces are presented in Appendix A.  
5.2.2 Measurement of Magnetostriction Coefficient (3/2)λ111 
Magnetostriction measurements were made at room temperature without any 
external load on the samples. The strain gages were mounted parallel to the ]111[  
crystallographic directions on the flat [220] or [211]-oriented disc faces. The λparallel and 
λperepndicular values were obtained by placing the sample’s ]111[  direction parallel or 
perpendicular to the magnetic field and measuring the saturation magnetostriction. As 
discussed in the experimental work section, the (3/2)λ111 magnetostriction coefficient 
values can be calculated based on the equation (3/2)λ100 = λparallel - λperpendicular. 
Figure 5.21 shows the magnetostrictive strain value versus applied magnetic field 
curves for λparallel and λperpendicular measurements corresponding to the as-grown condition 
of the [220]-oriented Fe- 3 at.% W disc-shaped single crystal. For this sample, the strain 
gage was mounted on the [220]-oriented face along the ]111[  crystallographic direction. 
Figure 5.21(a) corresponds to the magnetostriction measurement by applying the 
magnetic field parallel to the ]111[  direction to obtain the λparallel value. The saturation 
magnetostriction strain under this condition was -14 x 10-6. Figure 5.21(b) corresponds to 
the magnetostriction measurement by applying the magnetic field along the ]211[  
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Figure 5.21 Magnetostrictive strain value versus applied magnetic field curves 
obtained for the [220]-oriented Fe-3 at.% W single crystal in the as-grown 
condition, with  applied magnetic field (a) parallel and (b) perpendicular to 
the ]111[   direction. 
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The saturation magnetostrictive strain under this condition was 15 x 10-6. For the Fe- 3 
at.% W DG alloy sample, the (3/2)λ111 value was observed to be -29 x 10-6. 
Figure 5.22 shows the magnetostrictive strain value versus applied magnetic field 
curves for λparallel and λperpendicular measurements corresponding to the as-grown condition 
of the [211]-oriented Fe- 6 at.% W disc-shaped single crystal. For this sample, the strain 
gage was mounted on the [211]-oriented face along the ]111[  crystallographic direction. 
Figure 5.22 (a) corresponds to the magnetostriction measurement by applying magnetic 
field parallel to the ]111[  direction to obtain the λparallel value. The saturation 
magnetostrictive strain under this condition was -14 x 10-6. Figure 5.22 (b) corresponds to 
the magnetostriction measurement by applying magnetic field along ]220[  
crystallographic direction, which is perpendicular to the ]111[  direction on the [211] 
face. The saturation magnetostriction strain under this condition was 17 x 10-6. For the 
Fe- 6 at.% W DG sample,  the (3/2)λ111 value was observed to be -31 x 10-6. 
Figure 5.23 shows the magnetostrictive strain value versus applied magnetic field 
curves for λparallel and λperpendicular measurements corresponding to the as-grown condition 
of the [220]-oriented Fe- 7.5 at.% W disc-shaped single crystal. For this sample, the 
strain gage was mounted on the [220]-oriented face along the ]111[  crystallographic 
direction. Figure 5.23 (a) corresponds to the magnetostriction measurement by applying 
magnetic field parallel to the ]111[  direction to obtain the λparallel value. The saturation 
magnetostriction strain under this condition was -19 x 10-6. Figure 5.23 (b) corresponds 
to the magnetostriction measurement by applying magnetic field along the ]211[  
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Figure 5.22 Magnetostrictive strain value versus applied magnetic field curves 
obtained for the [211]-oriented Fe-6 at.% W single crystal in the annealed 
condition, with  applied magnetic field (a) parallel and (b) perpendicular to 
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Figure 5.23 Magnetostrictive strain value versus applied magnetic field curves 
obtained for the   [220]-oriented Fe-7.5 at.% W single crystal at annealed 
condition, with  applied magnetic field (a) parallel and (b) perpendicular to 
the [111] direction. 
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face. The saturation magnetostriction strain under this condition was 13 x 10-6. For the 
Fe- 7.5 at.% W DG alloy sample, the (3/2)λ111 value was observed to be -32 x 10-6. 
Table 5.5 shows the summary of magnetostriction coefficient (3/2)λ111 values in 
the as-grown condition for Fe- 3at.% W, Fe- 6at.% W and Fe- 7.5 at.% W alloy single 
crystals. There is a tendency for the increase of magnetostriction as the W content 
increased. Based on the Fe-W phase diagram [47], when Fe-W alloy is cooled slowly 
from the high temperature ordered second phase, Fe7W6 precipitate can form in the BCC 
disordered matrix. This second phase has different crystal structure and density compared 
to the disordered α-Fe matrix and its presence is the likely cause for the reduction of 
magnetostriction.  
After magnetostriction measurements in the as-grown condition, all the Fe-W 
alloy single crystals were annealed in the α-phase region followed by rapid water 
quenching. The details of heat treatment conditions for various Fe-W alloys are shown in 
Table 5.6. This process minimizes the formation of the second phase and obtains a more 
homogeneous disordered α-phase matrix inside the crystal structure.  
Measurements of magnetostriction coefficient (3/2)λ111 values were carried out on 
all of the samples after this heat treatment process. The strain gages were mounted 
exactly in the same position as in the measurements in the DG condition and by applying 
the magnetic field parallel and perpendicular to the magnetostrictive strain measurement 
direction. λparallel and λperepndicular values were obtained from these measurements. Figures 
5.24, 5.25 and 5.26 correspond to the magnetostrictive strain value versus applied 
magnetic field curves for λparallel and λperpendicular measurements of Fe-3 at.% W, Fe- 










Table 5.5 Magnetostriction coefficient (3/2)λ111 values obtained for [220] or [211]-
oriented Fe-W alloy single crystals in the as-grown condition. 
Alloy Composition Magnetostriction coefficients (3/2)λ111  (x 10-6) 
Fe-3 at.% W -29 
Fe-6 at.% W -31 



















Table 5.6 Heat treatment conditions for Fe-x at.% W single alloy crystals 
Alloy Composition Annealing Temperature (˚C) Annealing Time (Hours) 
Fe- 3 at.% W 1250 4 
Fe- 6 at.% W 1420 4 
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Figure 5.24 Magnetostrictive strain value versus applied magnetic field curves 
obtained for the [220]-oriented Fe-3 at.% W single crystal at annealed 
condition, with  (a) applied magnetic field parallel and (b) perpendicular to 
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Figure 5.25 Magnetostrictive strain value versus applied magnetic field curves 
obtained for the [211]-oriented Fe-6 at.% W single crystal at annealed 
condition, with  applied magnetic field (a) parallel and (b) perpendicular to 
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Figure 5.26 Magnetostrictive strain value versus applied magnetic field curves 
obtained for the [220]-oriented Fe-7.56 at.% W single crystal at annealed 
condition, with  applied magnetic field (a) parallel and (b) perpendicular to 













Table 5.7 Magnetostriction coefficient (3/2)λ111 values obtained from [220] or [211]-
oriented Fe-W alloy single crystals in the annealed condition. 
Alloy Composition Magnetostriction coefficients (3/2)λ111  (x 10-6) 
Fe-3 at.% W -39 
Fe-6 at.% W -41 










summarizes the magnetostriction measurement results and the (3/2)λ111 magnetostriction 
coefficient values of Fe-W alloy single crystals. Compared with the DG measurement 
values, this heat treatment results in a 30 to 40% increase in the Fe-W alloy’s (3/2)λ111 
magnetostriction coefficient value. Figure 5.27 shows the comparison of (3/2)λ100 and 
(3/2)λ111 magnetostriction coefficient values for Fe-X at.% W alloys in a 
magnetostriction versus W content plot. As the W content increased from Fe-3 at.% W to 
Fe-7.5 at.% W, the (3/2)λ111 magnetostriction coefficient value in the annealed condition 
increased by about 13%. The (3/2)λ111 values are about 30 to 50% of the (3/2)λ100 values 
for the same alloy composition. As discussed in the background section, using these λ111 
magnetostriction coefficients and the λ100 magnetostriction coefficients obtained from 
earlier research [22] in Equation 2.18, the saturation magnetostriction of Fe-W alloys can 
be calculated for along any crystallographic direction. 
5.3 X-ray Diffraction Studies of Ordering in Quenched  
Single Crystals of Fe-27.5 at.% Ga 
A single crystal of Fe-27.5 at.% Ga was cut from a DG ingot and a 2mm thick 
disc-shaped sample was prepared with both faces oriented within  0.25˚ from the [001] or 
[111] directions using the method discussed in the experimental work section. The 
sample was glass-sealed in a quartz tube in argon atmosphere and annealed at 1100˚C in 
the α-Fe phase region for 2 hours. A rapid water quench was performed to retain the high 
temperature phase at room temperature and the expected crystal structure will be a 
mixture of A2, B2 and DO3 phases. Theta- 2 theta XRD scans were performed along a 
random direction on the [001]-oriented face or along the [220] direction on the [111]-










































































Figure 5.27 Magnetostriction coefficient values versus W content of Fe-W alloy single 
crystals (Blue line with solid diamond markers: (3/2)λ100 magnetostriction 
coefficient values. Green line with solid square markers: (3/2)λ111 





5.3.1 Theta-2 Theta Scans of (100) Face  
If the sample is carefully prepared and perfectly oriented, there will be diffraction 
only from (h00) family planes of  [100]-oriented crystals.  Figure 5.28 shows the θ-2θ 
scan made on the (001) face of the [001]-oriented Fe-27.5 at.% Ga single crystal.  There 
is a peak with a large intensity at about 64.2° which corresponds to the (200) fundamental 
reflection. The low intensity peak shows up at about 31° on the top of a wide diffuse peak 
that corresponds to the superlattice reflection (100). Both the (100) and (200) peaks are 
narrow and sharp; the full width of the (200) peak at half the maximum intensity is less 
than 0.35° and for the (100) peak it is less than 0.27°. From the x-ray diffraction theory, 
the (200) reflection is present in the scan of the [001] oriented face when A2, DO3 and/or 
B2 structures are present and the (100) superlattice peak is present when DO3 and B2 
phase regions are present.  The wide diffuse peak at the bottom from 22° to 45° includes 
the combined effect of short-range ordering, thermal scattering and Compton scattering 
but with primary contribution arising from short-range ordering. To minimize the 
contribution from the Kβ or Kα2 wavelength, the high resolution scan was also done on 
this [001] oriented sample. The high resolution XRD pattern of Figure 5.29 shows the 
superlattice reflections as well as the diffuse peak at about 31˚.  The absolute intensity 
values and the FWHM are smaller as expected.  From the relative peak intensities of 
these (100) superlattice peaks and the (200) peak, one could estimate the relative volume 
of the ordered domains. Based on Figure 5.28 and Figure 5.29, the crystal structure inside 
this Fe-27.5 at.% Ga single crystal will be dominantly a disordered A2 matrix with a  









Figure 5.28  Theta-2 theta XRD pattern from the (100) face of a [001]-oriented Fe-27.5 





























Figure 5.29  Theta-2 theta XRD pattern from the (100) face of a   [001]-oriented Fe-27.5 
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5.3.2 Theta-2 Theta Scans of (111) Face 
For θ-2θ scans on the (111) face of the Fe-27.5 at.% Ga alloy single crystal, only 
the diffraction signal from the (h h h) family of planes including (111), (222) and (333) 
will be present. In these peaks, B2 structure only contributes to the (222) peak, but DO3 
will contribute to all of the (111), (222) and (333) peaks.  As there are significant effects 
of atom displacement on the intensity of the (333) peak, only the (111) and (222) peaks 
can be used to decide the nature of ordering and structure in the samples. The disordered 
A2 phase will not contribute to any of these peaks. Figure 5.30 shows the θ-2θ scan of the 
(111) face of the [111]-oriented Fe-27.5 at.% Ga single crystal which was scanned from 
the (110) direction to the ( )011  direction. It can be seen that there are three main peaks. 
The first one at about 26.6° is the (111) diffraction peak. The second one at about 54.7° is 
the (222) diffraction peak. The third one at 87.1° is the (333) diffraction peak. The A2 
structure is a BCC disordered structure which will not contribute to any of these three 
peaks.  The B2 structure will only contribute to the (222) peak and DO3 will contribute to 
all of the three peaks. So, by calculating the relative intensity of these diffraction peaks, 
an estimation of the volume ratio of B2 and DO3 phases can be made. As shown in the 
XRD patterns, all of the three peaks have a narrow and sharp shape. The average full 
width of the (222) peak at half maximum intensity is less than 0.38°, and so the nature of 
B2 and DO3 structures inside the crystal lattice should be long-rang ordered  domains 
coherent with the disordered A2 matrix phase.  
As a sample is heated to high temperature and then quenched by water or gas flow 
at room temperature, the atoms in the crystal lattice will lose their mobility rapidly as a 



















Figure 5.30  Theta-2 Theta x-ray diffraction pattern obtained from the (111) sample face 
of the [111]-oriented Fe-27.5 at.% Ga single crystal after  polishing off  to a 





crystal structure of the high temperature phase of the sample can be quenched in.  At an 
estimated heat transfer coefficient at the interface between Fe-alloys and water as large as 
104-105 W/m2K and an estimated thermal conductively of 80 W/mK for iron alloys, a 
steep internal temperature gradient will be formed as a function of depth from the surface 



























                     5.1 
where T is the temperature at the location x from the center of the sample after time t, α is 
the ratio of x and semithickness L, Ti is the initial temperature and Tf is the gas flow 





L nn λλ =                                                       5.2 
For the  Fe-27.5 at.% Ga single crystal  sample, the time  for  the  temperature  to  
drop  from  1150℃  to  the  long-range  ordered  α’’  phase  region  at  860℃  at  the  top   
surface is less than 0.05s. At 100 μm depth from the surface, this time will increase to 
about 0.08s. The time needed for this temperature drop at the center part, which is 1200 
μm from the surface, will be more than 0.27s.  Based on this calculation, there is a steep 
temperature gradient near the surface during water quenching and the temperature 
gradient is small at the interior region. As A2, B2 and DO3 have  the same Bravais lattice 
and the jump frequency of an atom at high temperature can be more than 1010 
times/second, the 0.03s cooling time difference between the top surface and 100 μm 
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depth into the sample is significant enough to cause a differences in the ordering  process 
at various depths from the surface region.  
A magnified view of the diffraction patterns in the 2θ range of 25° to 28° and 53° 
to 57° for the [111]-oriented single crystal of Fe 27.5 at.% Ga at different depths from the 
top surface are  shown in Figures 5.31 and 5.32. Figure 5.31 indicates the decrease in the 
relative intensity of the (111) peak in the XRD pattern with increasing depth from the 
surface to 200 μm below the original surface of the sample. Figure 5.32 indicates the 
increase of relative intensity of the (222) peak as the depth changes. As mentioned 
before, the percentages of the B2 and DO3 phase in the structure can be calculated by 
comparing the relative intensities of (111) and (222) diffraction peaks. These XRD 
patterns suggest an increase in the percentage of the B2 phase as a function of depth in 
this high temperature heat treated and rapid water quenched Fe-Ga single crystal. 
Ignoring the effect of the disordered A2 matrix phase, at the surface, more than 70% of 
the ordered domains’ volume has DO3 structure, and at about 60 μm from the surface, 
this percentage drops to about 50%. As the depth increases to 100 μm, the percentage of 
DO3 keeps dropping and the B2 phase volume increases to as much as 65%. But as the 
depth changes from 100 μm to 200 μm, no further change in the relative amounts of these 
two phases is seen. Compared to the internal temperature gradient data and XRD 
patterns, at the first 100 μm range of depth from the surface, there is a significant 
temperature gradient which can cause drastic difference in crystal structure formed 
during water quenching. However, the temperature gradient curve becomes more flat as 
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Figure 5.31  Theta-2 Theta x-ray diffraction pattern over a 2θ range of 25°-28° obtained 
from the (111) sample face of the [111]-oriented Fe-27.5 at.% Ga single 

































Figure 5.32  Theta-2 Theta XRD patterns showing the (222) peak obtained at  various 
depths from the (111) surface of the [111]-oriented Fe-27.5 at.% Ga single 





structure will be formed for this Fe-Ga alloy in most of the sample except the first 100μm 
depth from surface region. 
5.4 EXAFS Studies of Local Atomic Environment of Fe-x at.%  
Ga Single Crystals 
5.4.1 Sample Conditions 
A total of 7 single crystal samples with three different alloy compositions (Fe-15 
at.% Ga, Fe-20 at.% Ga and Fe- 27.5 at.% Ga) and three different thermal histories (As-
grown, long-term annealed and ordering) were prepared for the EXAFS study. A list of 
the alloy compositions and related heat treatments are shown in Table 5.8. The method of 
single crystal growth preparation and annealing are the same as discussed in the earlier 
experimental section. EXAFS measurements were performed on the [001]-oriented face. 
5.4.2 EXAFS Data Processing and Analysis 
All of the EXAFS measurements used in this study were performed in Sector 12-
BM of the Advanced Photon Source at Argonne National Laboratory. Seven Fe-Ga single 
crystals with three different alloy compositions and three different thermal histories were 
studied. As discussed in the background section, Fe-Ga alloy’s magnetostriction behavior 
is very sensitive to the alloy composition and thermal history. The earlier research and 
also the other results sections in this thesis already showed that the effect of alloy 
composition and heat treatment is partly from the formation of coherent and incoherent 
second phases. The behavior of magnetostriction and second phase formation during heat 
treatment has already been studied for all of these seven Fe-Ga alloys. A detailed EXAFS 
study of the local atomic environment of these Fe-Ga alloys will be valuable as it will 







Table 5.8 Sample compositions and thermal histories for all of the single crystals used for 
EXAFS measurements 
Sample Name Thermal History 
Fe-27.5 at.% Ga single crystal DG sample As-directional-grown condition 
Fe-27.5 at.% Ga single crystal LTA sample Long-term annealed at 1100˚C for 70 days  
Fe-27.5 at.% Ga single crystal ORD 
sample 
DO3 ordering treatment at 1100˚C for 1 
hour followed by 730˚C for 75 days 
Fe-20 at.% Ga single crystal DG sample As–directional-grown condition 
Fe-20 at.% Ga single crystal LTA sample Long-term annealed at 1250˚C for 70 days 
Fe-15 at.% Ga single crystal DG sample As–directional-grown condition 








magnetostriction. The relation between local atomic strain and the alloy’s 
magnetostrictive behavior at different alloy compositions and thermal histories will be an 
important contribution towards future magnetostrictive alloy design and development. 
Athena® and Artemis® programs of the IFEFFIT software package were used for 
data processing and analysis in this work. A detailed description about the data 
processing and modeling method will be discussed in the following sections. 
5.4.2.1 EXAFS Data Processing Using Athena® Software 
The first step of EXAFS data processing using Athena® software is the data 
conversion between different spaces using basic calculation or Fourier transform. The 
scan data were input into the program and the x-ray absorption spectra were normalized 
by subtracting the pre-edge line from the entire spectra. Figure 5.33 shows an example of 
the x-ray absorption spectra obtained from EXAFS measurement before and after 
normalization. The normalized spectra were converted from the incident x-ray energy E 
space that was directly measured from experiments to the wave number k space using the 
following relationship, 

)(2 002 EEEmk e
∆+−
=                                            5.3 
where k is the wave number, me is the electron mass, (E-E0) is the energy above edge, 
ΔE0 is the energy shift and  is the Plank’s constant. 
Fourier transform was applied to the k-space plot based on the selected k-range 
and data were converted to an R-space plot which is normally used in the EXAFS 




Figure 5.33 X-ray absorption spectra obtained from EXAFS measurement before and 
after normalization. 
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contains the information within R-range to another wave number q-space. By comparing 
the q-space data  with the k-space  data, the idea  about the difference  between processed 
data and the original EXAFS signal can be obtained.  Figure 5.34 shows the example of 
the same EXAFS spectra in E, k, R and q- space. 
For each single crystal sample, about 5 to 7 scans were taken during the EXAFS 
measurements. The second step of data processing will be calculating the average of the 
multiple scans to minimize the experiment noise. This step is called “Merge” in the 
Athena® software. During the merge process, the average values and standard deviations 
of each point in the EXAFS E-space were calculated based on the different sets of data of 
the same sample. The merged spectra were built based on the averaged points. Figure 
5.35 shows the example of the EXAFS spectra for the same sample before and after 
merge. 
As discussed in the experiment section, the self-absorption effect caused by the 
change of mean absorption depth during EXAFS could lead to a significant effect to the 
measurement results. The self-absorption correction was performed on all of the EXAFS 
data. By defining the experimental set up information, including alloy composition, 
incident and scattered beam angle in the EXAFS Troger algorithm, Athena® software is 
able to correct for the effect of self-absorption on the experimental data. This correction 
always amplified the EXAFS oscillations as the strong signal reduction was caused by 
self-absorption during a fluorescence mode EXAFS experiment.  Figure 5.36 shows an 
example of the EXAFS spectra before and after self-absorption correction. 
As a result of using oriented single crystal samples, high quality EXAFS data 










































data during data processing using Athena® software. This also improved the accuracy of 
modeling results. 
5.4.2.2 EXAFS Data Analysis Using Artemis® Software 
The processed EXAFS experimental data were imported into Artemis® software 
and are used as a reference spectrum during the modeling process. As discussed earlier in 
the experimental work section, Artemis® modeling is based on the FEFF’s multiple-
scattering path expansion. For each type of local atomic environment, a series of 
scattering paths need to be defined by the user. Evaluation of the EXAFS equation is 
done for each scattering path. The combined contribution of all the scattering paths 
provides a model of the EXAFS spectrum. 
There are three main steps to define the scattering paths in Artemis® software. 
The first step is to define the local atomic arrangement near the core atom in an “atoms” 
page. In this step, the atoms at each nearest neighbor position included in the local atomic 
arrangement need to be defined by their element type and position inside the lattice. 
Table 5.9 shows the lattice position, coordination number and distance from the core 
atom of 1st to 6th nearest neighbors in a BCC crystal structure. For example, for a Fe K-
edge scan, Fe will be defined as the core atom at position (0, 0, 0). After that, the first 
nearest neighbor position (0.5, 0.5, 0.5) may be occupied by either an Fe or Ga atom, and 
these two kinds of possibility will be considered in separate atoms pages. For the second 
nearest neighbor modeling, this definition will be extended to second nearest neighbor 
positions. Each of the atoms pages will lead to a separate FEFF list of  scattering paths, 








Table 5.9 Lattice position, coordination number and distance from core atom of 1st to 6th 
nearest neighbors in a typical BCC crystal structure 






Distance From Core Atom (a: 
lattice parameter) 
1st Nearest 
Neighbor (0.5, 0.5, 0.5) 8 0.866a 
2nd Nearest 
Neighbor (1, 0, 0) 6 a 
3rd Nearest 
Neighbor (1, 1, 0) 12 1.414a 
4th Nearest 
Neighbor (1.5, 0.5, 0.5) 24 1.658a 
5th Nearest 
Neighbor (1, 1, 1) 8 1.732a 
6th Nearest 







atoms page for each sample, including Fe-Fe, Fe-Ga, Ga-Fe and Ga-Ga. For the second 
nearest  neighbor  modeling, there  will be Fe-Fe-Fe, Fe-Fe-Ga,  Fe-Ga-Fe and  Fe-Ga-Ga  
atoms pages for the Fe K-edge scan and Ga-Fe-Fe, Ga-Fe-Ga, Ga-Ga-Fe and Ga-Ga-Ga 
atoms pages for the Ga K-edge scan. After defining the nearest neighbor atoms, the type 
of space group was input to calculate the coordination numbers of each nearest neighbors. 
Cluster size determines the total number of atoms involved in the EXAFS modeling. The 
lattice parameters used in the “atoms” page calculation were obtained from the earlier 
XRD study of Fe-Ga alloys.  
The second main step to define the scattering paths is defining the local atomic 
environment in the “feff.inp” page. After defining crystal structure and lattice parameters 
that describe the local atomic arrangement, the specific positions of all the atoms 
involved in the photoelectron scattering will be calculated and this information shows up 
as a list in the feff.inp page. This feff.inp page provides the user the ability to adjust the 
element type and exact positions for each specific atom. In this work, in order to 
minimize the number of variables so that it is less than the allowed number of variables 
for a given data set range, all the atoms in one nearest neighbor shell were specified. All 
the other atoms beyond the defined nearest neighbor shell were assumed to be randomly 
distributed. The list of atoms in the feff.inp page will be used to calculate the possible 
scattering paths for a photoelectron. The scattering factor of different elements will be 
considered during the calculation of scattering paths, and scattering paths with too small 
amplitudes will be ignored. 
All the scattering paths with large enough amplitude are then selected for 
inclusion in the “FEFF calculation list” which is the third step in Artemis® modeling. 
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There are two kinds of scattering paths, the single scattering paths and the multiple 
scattering paths. Figure 5.37(a) shows an example of a single scattering path. After a 
photoelectron is excited from the core atom, it is scattered by one of the nearest neighbor 
atoms; for example, the 1st nearest neighbor atom at position (0.5, 0.5, 0.5), then 
backscattered to the core atom. For a multiple scattering path, as shown in Figure 5.37(b), 
the photoelectron excited from the core atom is scattered by one of the nearest neighbor 
atoms and then scattered by one or several more nearest neighbor atoms before being 
backscattered to the core atom.   In general, single scattering paths have larger amplitude 
than multiple scattering paths and provide a more significant contribution to the EXAFS 
spectra. For a multiple scattering path, its intensity will decrease as the scattering angle 
between two atoms in its scattering path increases. As a result, the multiple scattering 
paths with large scattering angle may provide very limited contribution to the modeling 
spectra but increase the complexity and error to the EXAFS modeling. In order to 
improve the modeling result, part of the multiple scattering paths needs to be excluded 
from the FEFF calculation list. 
As discussed in the experiment section, several parameters need to be defined for 
each scattering path in the EXAFS modeling. The parameters defined for scattering paths 
in this modeling work include the effective coordination number S02, energy shift delE0, 
change in distance of the scattering path delR and mean square variation of distances 
sigma2. The effective coordination number S02 includes the coordination number of the 
nearest neighbor shell Nj which is determined by the crystal structure and the amplitude 
reduction term S02 due to the relaxation of all the other electrons in the absorbing atom 








Figure 5.37 (a) Example of single scattering path of a photoelectron in a BCC crystal 




each other. In the first nearest modeling, this parameter was defined as a single variable 
“amp” for each FEFF calculation list and  was correlated to the “amp” term to obtain the 
coordination number. In the second nearest neighbor modeling work, the S02 part is also 
defined as a single variable “amp” for each FEFF calculation list. The energy shift E0 is 
defined as a single variable for each scan as it will be a constant within the same scan 
data. For the delR parameter, the “reff”, R effective distance determined by the atomic 
arrangement in the atoms page, was multiplied with the “scale” variables. The “scale” 
variables are the fractional change of the distance between the core atom to the nearest 
neighbor atoms; for example, the “scaleFeFeNN” means the fractional change of the 
distance from the core atom Fe to the second nearest neighbor atoms in a Fe-Fe type of 
atomic arrangement. For a single scattering path, only one “scale” variable is involved, 
and for a multiple scattering path, several “scale” variables may be involved based on the 
different legs of the scattering paths. The mean square variation of distances sigma2 
comes from a combined effect of two terms, the thermal vibrations represented by the 
Debye-Waller correction and the structural disorder represented by a series of “static” 
variables. For example, for a typical single scattering path, the sigma2 parameter is 
defined as “debye(300,theta_GaFe)+static_GaFeNN”, where debye(300, theta_GaFe) is 
the Debye-Waller correction at the measurement temperature of 300K and for the 
material with Debye temperature, “theta_GaFe”, static_GaFeNN is the structural disorder 
variable for the distance from the core atom to the second nearest atoms in the Ga-Fe type 
atomic arrangement. 
During the building of the  EXAFS model using Artemis® software, all of these 
variables or constants need to be defined individually in a “Guess, Def, Set” page which 
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is used to manage the defined parameters. Restraints may be applied to the variables in 
order to keep the modeling result within a reasonable range. For both first and second 
nearest neighbor modeling work, restraint has been applied to the coordination number 
and amplitude reduction term to keep these values within a physically meaningful range. 
Different k-weights can be chosen during set up for the Artemis® fit. By using different 
k-weights for the fits, the Artemis® software will try to fit the modeling spectrum to a 
different portion of the experimental data; for example, the k-weight of 2 refers to an 
emphasis on the middle part of the spectrum and k-weight of 1 refers to an emphasis on 
the front part. If every parameter is defined correctly, a successful Artemis® fit will 
provide the user meaningful information about the atomic distance and coordination 
number about the local atomic environment. 
5.4.3 Results of Fe-Ga Alloy First Nearest Neighbor Analysis 
5.4.3.1 Artemis Results for Fe-27.5 at.% Ga Single Crystals 
The best fit result for the Fe-27.5 at.% Ga single crystal DG sample was obtained 
by the fit of the data with k-weight 1 and 2 for both the Fe K-edge and Ga K-edge scans 
and excluding the third scattering path which is a combination of  high angle scattering 
by the  first and then second nearest neighbor atoms. The fit results of this Fe-27.5 at.% 
Ga DG sample for the Fe K-edge and Ga K-edge in R, k and q space are shown in 
Figures 5.38, 5.39 and 5.40. 
As shown in these figures,  the fit matches with the experimental spectra, and for 
the Ga K-edge scan which provides Ga-Ga bond distance, no large discrepancy is 




Figure 5.38  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-27.5 at.% Ga as-grown 
(DG) single crystal first nearest neighbor analysis in R space. (Blue: 
Experimental Data; Red: Fit Data) 
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Figure 5.39  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-27.5 at.% Ga as-grown 
(DG) single crystal first nearest neighbor analysis in k space. (Blue: 
Experimental Data; Red: Fit Data) 
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Figure 5.40  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-27.5 at.% Ga as-grown 
(DG) single crystal first nearest neighbor analysis in q space. (Blue: 
Experimental Data; Red: Fit Data) 
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out of the second nearest neighbor range. The R-factor is 0.0031 which is far lower than 
the acceptable maximum R-factor value 0.02 for EXAFS modeling. All the other fits 
used in this work show similar or better quality as the one shown in Figures 5.38 to 5.40 
and provide confidence on the EXAFS modeling results. The results about atomic 
spacing of first and second nearest neighbor, atomic spacing uncertainty, delE0 value of 
enot and amplitude are shown in Table 5.10. 
In the A2 phase of the Fe-Ga alloys with a BCC crystal structure, the first nearest 
neighbors are always along the <111> direction and the second nearest neighbors are 
along one of the <100> directions. The average atomic spacing for the Fe-27.5 at.% Ga 
single crystal in the as-grown condition calculated based on Bragg’s law from the x-ray 
diffraction patterns are 2.538 Ǻ for the first nearest neighbor and 2.930 Ǻ for the second 
nearest neighbor. Compared to the average values, the first nearest neighbor distance of 
Fe-Fe and Fe-Ga (or Ga-Fe) shows smaller values (2.5143 Ǻ for Fe-Fe and 2.4664 Ǻ for 
Fe-Ga or Ga-Fe). The Ga-Ga scattering path has a 2.5313 Ǻ distance for the first nearest 
neighbor which is about the same as the average value. 
A similar ARTEMIS® project with the same scattering paths and variables 
defined was programmed and fits were ran for the EXAFS data of long-term annealed 
(LTA) and ordered (ORD) Fe-27.5 at.% Ga  samples . The best fit of the Fe-27.5 at.% Ga 
LTA sample was obtained using a k-weight of 1 for both Fe K-edge and Ga K-edge scans 
and excluding the third scattering path from all of the FEFF calculations. Figure 5.41 
shows the fit result of this LTA sample with the Fe K-edge and Ga K-edge scan plotted in 




Table 5.10 First nearest neighbor analysis results of Fe-27.5 at.% Ga single crystal as-
grown (DG) sample Fe K-edge and Ga K-edge scan. 
Fe K-edge  
Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.5143    ±  0.0201 
N Value of Fe-Fe Path 1st Nearest  Neighbor 0.3649    ±  0.2832 
Enot Value of Fe-Fe Path (eV) 6.4121 
Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.4664    ±  0.0167 
N Value of Fe-Ga Path1st Nearest Neighbor 0.6351    ±  0.2832 
Enot Value of Fe-Ga Path (eV) 5.3097 
  
Ga K-edge  
Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5313    ±  0.0125 
N Value of Ga-Ga Path 1st Nearest Neighbor 0.2217    ±  0.1239 
Enot Value of Ga-Ga Path (eV) 1.2238 
Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4664    ±  0.0167 
N Value of Ga-Fe Path1st Nearest Neighbor 0.7783    ±  0.1239 
Enot Value of Ga-Fe Path (eV) 2.7618 
  
R-factor for the Fit 0.0031 






Figure 5.41 Plots of χ for Fe K-edge and Ga K-edge scans of Fe-27.5 at.% Ga long-term 
annealed (LTA) single crystal first nearest neighbor analysis in R space. 
(Blue: Experimental Data; Red: Fit Data) 
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Table 5.11 First nearest neighbor analysis results of Fe-27.5 at.% Ga single crystal long-
term annealed (LTA) sample Fe K-edge and Ga K-edge scan. 
Fe K-edge  
Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4880    ±  0.0097 
N Value of Fe-Fe Path 1st Nearest Neighbor 0.6312    ±  0.1741 
Enot Value of Fe-Fe Path (eV) 3.9667 
Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.4696    ±  0.0090 
N Value of Fe-Ga Path 1st Nearest Neighbor 0.3688    ±  0.1741 
Enot Value of Fe-Ga Path (eV) -3.9678 
  
Ga K-edge  
Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.8096    ±  0.0212 
N Value of Ga-Ga Path 1st Nearest Neighbor 0.5691    ±  0.2000 
Enot Value of Ga-Ga Path (eV) -0.2500 
Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4696    ±  0.0090 
N Value of Ga-Fe Path 1st Nearest Neighbor 0.4309    ±  0.2000 
Enot Value of Ga-Fe Path (eV) 2.4237 
  
R-factor for the Fit 0.0018 




Compared to the as-grown sample, there is an increase in the atomic spacing of 
the first nearest neighbor in the Ga-Ga path. The Fe-Ga or Ga-Fe atomic spacing has no 
significant change after long-term annealing, and the Fe-Fe path atomic spacing drops 
from 2.5143 Ǻ for the DG sample to 2.4880 Ǻ for the LTA sample. The first nearest 
neighbor Ga-Ga pair has a larger atomic spacing of 2.8096 Ǻ which is close to the 
theoretical value for metallic Ga-Ga bond spacing in a pure Ga metal lattice. 
The best fit for the ordered (ORD) Fe-27.5 at.% Ga single crystal sample data was 
obtained with a k-weight of 2 and 3 for both Fe K-edge and Ga K-edge scans with all of 
the scattering paths included in the calculation. Fit results of this ORD sample are shown 
in Figure 5.42 with Fe K-edge and Ga K-edge scans plotted in R space. The 
corresponding parameter values are shown in Table 5.12. For this ordered sample, the 
first nearest neighbor atomic spacing of Fe-Fe, Fe-Ga and Ga-Fe paths are almost the 
same as the long-term annealed sample. The first nearest neighbor atomic spacing of the 
Ga-Ga path shows a value similar to that of the as-grown sample. 
The EXAFS analyses on the three Fe-27.5 at.% Ga single crystals show the effect 
of different thermal histories on  the local atomic environment. It is seen from Tables 
5.10 to 5.12 that the first nearest neighbor atomic spacing of Fe-Fe, Fe-Ga and Ge-Fe 
paths have nearly the same values. The atomic spacing difference between all the three 
samples with different thermal histories is less than 0.05 Ǻ. However, the bond length for 
the Ga-Ga first nearest neighbor shows a 0.28 Ǻ increase after the long-term annealing 
treatment of the as-grown sample. As a result, the Ga-Ga pair in the LTA crystal has a 
large bond length, which is 0.3 Ǻ larger than the average first nearest neighbor bond 




Figure 5.42  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-27.5 at.% Ga ordering 
(ORD) single crystal first nearest neighbor analysis in R space. (Blue: 
Experimental Data; Red: Fit Data) 
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Table 5.12 First nearest neighbor analysis results of Fe-27.5 at.% Ga single crystal 
ordered sample Fe K-edge and Ga K-edge scan. 
Fe K-edge  
Fe-Fe Path 1st Nearest Neighbor Distance(Ǻ) 2.4832    ±  0.0097 
N Value of Fe-Fe Path 1st Nearest Neighbor 0.5636    ±  0.1650 
Enot Value of Fe-Fe Path (eV) 2.4485 
Fe-Ga Path 1st Nearest Neighbor Distance(Ǻ) 2.4832    ±  0.0358 
N Value of Fe-Ga Path1st Nearest Neighbor 0.4364    ±  0.1650 
Enot Value of Fe-Ga Path (eV) -6.4474 
  
Ga K-edge  
Ga-Ga Path 1st Nearest Neighbor Distance(Ǻ) 2.4964    ±  0.0727 
N Value of Ga-Ga Path 1st Nearest Neighbor 0.2238    ±  0.1671 
Enot Value of Ga-Ga Path (eV) -2.3115 
Ga-Fe Path 1st Nearest Neighbor Distance(Ǻ) 2.4832    ±  0.0358 
N Value of Ga-Fe Path1st Nearest Neighbor 0.7762    ±  0.1671 
Enot Value of Ga-Fe Path (eV) 4.6904 
  
R-facor for the Fit 0.000045 





Ga-Fe bond lengths are shortened relative to the values calculated from the lattice 
parameter values and compensate for the strain placed in the lattice by the Ga-Ga nearest- 
neighbor bond. This observation indicates a large local distortion in the lattice. The 
results suggest the larger magnetostriction value for long-term annealed alloys ((3/2)λ100 
of 340 x 10-6 for the LTA sample compared to 193 x 10-6 for the DG sample) is related to 
the increase in the average Ga-Ga first nearest neighbor bond distance in the alloy. 
In order to observe if a similar trend exists in other Fe-Ga alloys, EXAFS analysis 
of the first nearest neighbor atomic environment was also done for Fe-20 at.% Ga and Fe-
15 at.% Ga alloy single crystals in their as-grown and long-term annealed conditions. 
5.4.3.2 Artemis Results of Fe-20 at.% Ga Single Crystals 
The best fit result for the Fe-20 at.% Ga alloy single crystal as-grown (DG) 
sample was obtained using a k-weight of 2 for both Fe K-edge and Ga K-edge scans and 
excluding the third scattering paths for all the FEFF calculations. The fit results for the 
Fe-20 at.% Ga as-grown sample is plotted in R space for both Fe K-edge and Ga K-edge 
scans and shown in Figure 5.43. The details of data obtained from the fit are presented in 
Table 5.13.  
The fits for Fe-20 at.% Ga single crystals shows good quality as in the Fe-27.5 
at.% Ga alloys. The R-factor for this fit is 0.000166, almost a hundred times smaller than 
the generally accepted limit. The consistency of the good quality of EXAFS fits shows 
that the modeling method applied in this work is more improved than in Garside’s work 
[22]. The average atomic spacing of the first nearest neighbor calculated from x-ray 
diffraction analysis for this alloy is 2.5253 Ǻ. As shown in Table 5.13, the Ga-Ga bond 




Figure 5.43 Plots of χ for Fe K-edge and Ga K-edge scans of Fe-20 at.% Ga as-grown 
(DG) single crystal first nearest neighbor analysis  in R space. (Blue: 
Experimental Data; Red: Fit Data) 
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Table 5.13 First nearest neighbor analysis results of Fe-20 at.% Ga single crystal as-
grown (DG) sample Fe K-edge and Ga K-edge scan. 
Fe K-edge  
Fe-Fe Path 1st Nearest Neighbor Distance(Ǻ) 2.5093    ±  0.0088 
N Value of Fe-Fe Path 1st Nearest Neighbor 0.6946    ±  0.2614 
Enot Value of Fe-Fe Path (eV) 7.4475 
Fe-Ga Path 1st Nearest Neighbor Distance(Ǻ) 2.5013    ±  0.0115 
N Value of Fe-Ga Path1st Nearest Neighbor 0.3054    ±  0.2614 
Enot Value of Fe-Ga Path (eV) 6.0075 
  
Ga K-edge  
Ga-Ga Path 1st Nearest Neighbor Distance(Ǻ) 2.5252    ±  0.0370 
N Value of Ga-Ga Path 1st Nearest Neighbor 0.3866    ±  0.1665 
Enot Value of Ga-Ga Path (eV) 6.2269 
Ga-Fe Path 1st Nearest Neighbor Distance(Ǻ) 2.5013    ±  0.0115 
N Value of Ga-Fe Path1st Nearest Neighbor 0.6134    ±  0.1665 
Enot Value of Ga-Fe Path (eV) 4.5789 
  
R-factor for the Fit 0.000166 




nearest neighbor distances obtained from modeling are not very different from the 
average value obtained from x-ray diffraction analysis. 
Using the same variables, fits were run on the Fe-20 at.% Ga single crystal long-
term annealed (LTA) sample data. The k-weights of 1 and 2 were used for both Fe K-
edge and Ga K-edge scan data and all the scattering paths were included in the FEFF 
calculations. A plot of the experimental data and the model fit in R space for the Fe-20 
at.% Ga LTA sample is shown in Figure 5.44 and the results of the fit are shown in Table 
5.14. 
Results from the analysis of EXAFS data of Fe-20 at.% Ga alloy single crystals 
are similar to the results from the Fe-27.5 at.% Ga alloy single crystal. In all the 
conditions, the first nearest neighbor Ga-Ga bond distances always show a close or larger 
value than the average distance calculated from the XRD data which is 2.5253 Ǻ for the 
DG sample and 2.5175 Ǻ for the LTA sample. This Ga-Ga bond distance is also larger 
than the other Fe-Fe, Fe-Ga and Ga-Fe bond distances in the same condition. After long-
term annealing, the Ga-Ga bond distance increases about 2.3% from 2.5252 Ǻ for DG 
data to 2.5828 Ǻ for LTA data and all the other Fe -Fe, Fe-Ga and Ga-Fe bond distances 
have about a 1% drop. 
5.4.3.3 Artemis Results of Fe-15 at.% Ga Single Crystals 
EXAFS analysis with the same variables and scattering paths were also carried 
out for the Fe-15 at.% Ga single crystal in the as-grown and annealed conditions. For the 
best fit obtained for the Fe-15 at.% Ga alloy single crystal in the as-grown (DG) 
condition,  k-weight of 2 was used for both Fe K-edge and Ga K-edge scan data and the 




Figure 5.44 Plots of χ for Fe K-edge and Ga K-edge scans of Fe-20 at.% Ga long-term 
annealed (LTA) single crystal first nearest neighbor analysis in R space. 
(Blue: Experimental Data; Red: Fit Data) 
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Table 5.14 First nearest neighbor analysis results of Fe-20 at.% Ga single crystal long-
term annealed (LTA) sample Fe K-edge and Ga K-edge scan. 
Fe K-edge  
Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4823    ±  0.0263 
N Value of Fe-Fe Path 1st Nearest Neighbor 0.7726    ±  0.2021 
Enot Value of Fe-Fe Path (eV) 4.1551 
Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.4954    ±  0.0213 
N Value of Fe-Ga Path1st Nearest Neighbor 0.2274    ±  0.2021 
Enot Value of Fe-Ga Path (eV) 0.4816 
  
Ga K-edge  
Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5828    ±  0.0192 
N Value of Ga-Ga Path 1st Nearest Neighbor 0.2215    ±  0.1225 
Enot Value of Ga-Ga Path (eV) 4.5813 
Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4954    ±  0.0213 
N Value of Ga-Fe Path1st Nearest Neighbor 0.7785    ±  0.1225 
Enot Value of Ga-Fe Path (eV) 5.3413 
  
R-factor for the Fit 0.0023 




shown in Figure 5.45 and the detailed information derived from the fit is shown in Table 
5.15. 
The best fit of the Fe-15 at.% Ga single crystal in the long-term annealed (LTA) 
condition was run with a k-weight of 2 for Fe K-edge and Ga K-edge scan data and all of 
the scattering paths included in the FEFF calculation. Fit results for this LTA sample are 
shown in Figure 5.46 with Fe K-edge and Ga K-edge scans plotted in R space, and the 
related variable values are shown in Table 5.16. 
For the Fe-15 at.% Ga alloy single crystal sample, the first nearest neighbor Ga-
Ga bond distance increase from 2.5031 Ǻ in the DG condition which is almost the same 
as the average value 2.5106 Ǻ to 2.5478 Ǻ in the  LTA condition which is about 1.5% 
larger than the average value 2.5097 Ǻ. The Fe -Fe bond distance shows a 0.4% drop and 
the Fe-Ga bond distance has a 1.5% increase. 
5.4.3.4 Analysis of the First Nearest Neighbor Atomic  
Environment for α-Fe-Ga Alloys  
Comparing the results of the Fe-Ga single crystals with three different Ga 
contents, there is a general tendency of increase in the Ga-Ga first nearest neighbor 
distance and a decrease in the Fe-Fe first nearest neighbor distance after long-term 
annealing treatment. As discussed in the Fe-27.5 at.% Ga alloy single crystal section, this 
increase of Ga-Ga bond distance will introduce a distortion in the crystal lattice along the 
[111] direction in the region around the Ga-Ga atom pairs. It has been suggested that the 
strain placed by these Ga-Ga pairs with large atomic spacing could be one of the reasons 





Figure 5.45 Plots of χ for Fe K-edge and Ga K-edge scans of Fe-15 at.% Ga as-grown 
(DG) single crystal first nearest neighbor analysis in R space. (Blue: 
Experimental Data; Red: Fit Data) 
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Table 5.15 First nearest neighbor analysis results of Fe-15 at.% Ga single crystal as-
grown (DG) sample Fe K-edge and Ga K-edge scan. 
Fe K-edge  
Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4961    ±  0.0055 
N Value of Fe-Fe Path 1st Nearest Neighbor 0.6758    ±  0.1379 
Enot Value of Fe-Fe Path (eV) 6.4266 
Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.4625    ±  0.0445 
N Value of Fe-Ga Path1st Nearest Neighbor 0.3242    ±  0.1379 
Enot Value of Fe-Ga Path (eV) 6.0074 
  
Ga K-edge  
Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5031    ±  0.0048 
N Value of Ga-Ga Path 1st Nearest Neighbor 0.6139    ±  0.1281 
Enot Value of Ga-Ga Path (eV) 4.6975 
Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4625    ±  0.0445 
N Value of Ga-Fe Path1st Nearest Neighbor 0.3861    ±  0.1281 
Enot Value of Ga-Fe Path (eV) -0.8661 
  
R-factor for the Fit 0.000079 





Figure 5.46  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-15 at.% Ga long-term 
annealed (LTA) single crystal first nearest neighbor analysis in R space. 
(Blue: Experimental Data; Red: Fit Data) 
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Table 5.16 First nearest neighbor analysis results of Fe-15 at.% Ga single crystal long-
term annealed (LTA) sample Fe K-edge and Ga K-edge scan. 
Fe K-edge  
Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4852    ±  0.0073 
N Value of Fe-Fe Path 1st Nearest Neighbor 0.7501    ±  0.2217 
Enot Value of Fe-Fe Path (eV) 5.2798 
Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5010    ±  0.0228 
N Value of Fe-Ga Path1st Nearest Neighbor 0.2499    ±  0.2217 
Enot Value of Fe-Ga Path (eV) 4.3386 
  
Ga K-edge  
Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5478    ±  0.0306 
N Value of Ga-Ga Path 1st Nearest Neighbor 0.3032    ±  0.2250 
Enot Value of Ga-Ga Path (eV) 9.3596 
Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.5010    ±  0.0228 
N Value of Ga-Fe Path1st Nearest Neighbor 0.6968    ±  0.2250 
Enot Value of Ga-Fe Path (eV) 4.0131 
  
R-factor for the Fit 0.00021 




This conclusion can be extended to other α-Fe-Ga alloys by comparing the change 
of the local lattice distortion introduced by the Ga-Ga pairs and the change of 
magnetostriction properties before and after long-term annealing. In this case, the lattice 
strains were calculated based on the Ga-Ga pair atomic distance obtained from the 
EXAFS model and the average first nearest neighbor atomic distance from XRD data. 
The change of distortion was quantified by the differences of lattice strain in DG and 
LTA conditions. The λ100 magnetostriction coefficient values were acquired in earlier 
research [11]. Results are shown in Table 5.17. 
Because of the low Ga content in the Fe-15 at.% Ga and Fe- 20 at.% Ga alloys, 
the strain increase in the Ga-Ga bond is relatively small which is about a 1.8% increase 
for Fe-15 at.% Ga and 2.6% increase for Fe-20 at.% Ga. As the Ga content increases to a 
large value as Fe-27.5 at.% Ga which is close to the solid solubility limit of the Fe-Ga 
alloy, the local strain introduced by the Ga-Ga first nearest neighbor bond also increases 
to 12.0%, at least 4 times larger than that observed in the other alloys, and makes this 
bond distance close to the theoretical value for Ga-Ga metallic bond. The change of λ100 
magnetostriction coefficient value before and after long time annealing treatment also 
shows a similar tendency as the change of local strain. There is only a relatively small 
effect of long time annealing to magnetostrictive behavior on Fe-20 at.% Ga and Fe- 15 
at.% Ga. However, a significant change occurs as the Ga content increases from 20 at.% 
to 27.5 at.%. The change of λ100 magnetostriction coefficient value before and after long 
time annealing treatment increases almost two times, from 82 x 10-6 for Fe-20 at.% Ga to 
147 x 10-6 for Fe-27.5 at.% Ga. The relationship between the change of lattice strain and 








Table 5.17 Change of lattice strain of Ga-Ga first nearest neighbor bond and λ100 
magnetostriction coefficient value before and after long time annealing of 
Fe-Ga single crystals. 
Alloy 
Composition 
Change of Lattice 









LTA (x 10-6) 
Change of λ100 
Magnetostriction 
Coefficient Value 
DG/LTA (x 10-6) 
Fe-27.5 at.% Ga +12.195% 193 340 +147 
Fe-20 at.% Ga +2.598% 297 379 +82 









amount of second phase regions will start forming as the Ga content in the Fe-Ga alloy 
increases to more than 20 at.%. This second phase has different crystal structure and 
density   from   the disordered   α- Fe   matrix   and   causes   a   large   drop   of   the   
alloy’s magnetostriction. As a result, part of the increase of magnetostriction value 
contributed from lattice strain will be cancelled out because of the effect of these second 
phase regions. The correlation of the local lattice strain data and the magnetostriction 
coefficient data is consistent with the hypothesis that the increase in local strain in the 
crystal lattice caused by the Ga-Ga first nearest neighbor bond contributes to the increase 
of magnetostriction of Fe-Ga alloys.  
5.4.4 Results of Fe-Ga Alloy Second Nearest Neighbor Analysis 
5.4.4.1 Artemis Results of Fe-27.5 at.% Ga Single Crystal  
The best fit results for the Fe-27.5 at.% Ga single crystal DG sample from 
second nearest neighbor modeling was obtained by fitting the data with k-weight  of 1 for 
both Fe and Ga k-edge scans. All the scattering paths were included in the fit. The model 
fit for Fe and Ga K-edge scan data of the Fe-27.5 at.% Ga DG sample using the second 
nearest neighbor model in the R space are shown in Figure 5.47.  
As shown in Figure 5.46, the modeling result fits nicely to the experimental 
spectra and no large discrepancy is seen. The only small mismatch is at about 3.1Ǻ in R 
space is well beyond the second nearest neighbor. The R-factor of this fit is 0.0025, 
which is much smaller than the maximum acceptable limit 0.02. The mean values and 
uncertainties about atomic spacing, energy shift, amplitude and coordination of this fit are 




Figure 5.47  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-27.5 at.% Ga as-grown 
(DG) single crystal second nearest neighbor analysis result in R space. 





Table 5.18  Results of Fe-27.5 at.% Ga as-grown (DG) single crystal second nearest 
neighbor analysis 
Fe K-edge  
Fe-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4746    ±  0.0378 
Fe-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8516    ±  0.0362 
Fe-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.2050    ±  0.2469 
Fe-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.9305    ±  0.0583 
Fe-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4970    ±  0.0528 
Fe-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 3.0780    ±  0.0522 
Fe-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5842    ±  0.0458 
Fe-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.6970    ±  0.0686 
NFe at 1st Nearest Neighbor 5.45        ±  1.21 
NFe at 2nd Nearest Neighbor 4.70        ±  0.91 
NGa at 1st Nearest Neighbor 2.55        ±  1.21 
NGa at 2nd Nearest Neighbor 1.30        ±  0.91 










Table 5.18  Continued 
Ga K-edge  
Ga-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4981    ±  0.0183 
Ga-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8309    ±  0.0526 
Ga-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5194    ±  0.13 
Ga-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.0205    ±  0.029 
Ga-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4536    ±  0.0205 
Ga-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.9462    ±  0.0284 
Ga-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5787    ±  0.0234 
Ga-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.7755    ±  0.0419 
NFe at 1st Nearest Neighbor 6.71        ±  1.14 
NFe at 2nd Nearest Neighbor 3.44        ±  0.85 
NGa at 1st Nearest Neighbor 1.29        ±  1.14 
NGa at 2nd Nearest Neighbor 2.56        ±  0.85 
Enot (eV) 4.5087 
  
R-factor for the Fit 0.0025 





shows a low value and very large standard deviation, other values are reasonable and 
have small standard deviation. 
If all the Ga atoms are randomly distributed inside the the crystal lattice of the α-
phase, for the Fe-27.5 at.% Ga alloy, there should be 2.20 Ga atoms and 5.80 Fe atoms in 
the first nearest neighbor positions and about 1.65 Ga atoms and 4.35 Fe atoms in  the 
second nearest neighbor positions. By comparing this average value to the N values 
obtained from the analysis results, the preference for a specific type of atomic bond 
formation can be determined. For the Fe-27.5 at.% Ga DG sample, the Ga-Fe or Fe-Ga 
type of first nearest neighbor bond is more preferred than the average value. There is less 
preference for forming Ga-Ga first nearest neighbor bonds than an ideal random solid 
solution. 
Artemis® projects with the same atomic arrangement, scattering paths and 
defined variables were programmed and fits were run on scan data for Fe-27.5 at.% Ga 
long-term annealed (LTA) and ordered (ORD) samples.  The best fit of the Fe-27.5 at.% 
Ga long-term annealed (LTA) sample was obtained by using a k-weight of 1 and 
excluding the third scattering path with large scattering angles from the FEFF 
calculations. Figure 5.48 shows the fit results of the Fe-27.5 at.% Ga LTA sample with 
Fe K-edge and Ga K-edge scan plotted in R space. As discussed in the DG sample, there 
is no significant mismatch between the experimental spectra and the modeling results. 
The R-factor of this fit is 0.0014 which is much better than the acceptable limit. The 
detailed results obtained from this fit are shown in Table 5.19. Fe-Fe-Ga and Ga-Fe-Ga 





Figure 5.48  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-27.5 at.% Ga long-term 
annealed (LTA) single crystal second nearest neighbor analysis result in R 





Table 5.19  Results of Fe-27.5 at.% Ga long-term annealed (LTA) single crystal second 
nearest neighbor analysis 
Fe K-edge  
Fe-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.5281    ±  0.0427 
Fe-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.877    ±  0.0503 
Fe-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.4942    ±  0.123 
Fe-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.2983    ±  0.0689 
Fe-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.2623    ±  0.0914 
Fe-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 3.0868    ±  0.0458 
Fe-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.3362    ±  0.066 
Fe-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.8780    ±  0.1066 
NFe at 1st Nearest Neighbor 4.56        ±  0.79 
NFe at 2nd Nearest Neighbor 5.59        ±  0.59 
NGa at 1st Nearest Neighbor 3.44        ±  0.79 
NGa at 2nd Nearest Neighbor 0.41        ±  0.59 










Table 5.19  Continued 
Ga K-edge  
Ga-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4760    ±  0.0127 
Ga-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8163    ±  0.0291 
Ga-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.3199    ±  0.1054 
Ga-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.9003    ±  0.0264 
Ga-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.5455    ±  0.0938 
Ga-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 3.0531    ±  0.0152 
Ga-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5384    ±  0.0286 
Ga-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.2889    ±  0.0935 
NFe at 1st Nearest Neighbor 5.31        ±  0.76 
NFe at 2nd Nearest Neighbor 4.84        ±  0.57 
NGa at 1st Nearest Neighbor 2.69        ±  0.76 
NGa at 2nd Nearest Neighbor 1.16        ±  0.57 
Enot (eV) 1.4973 
  
R-factor for the Fit 0.0014 





After long-term annealing, the N value of the Ga-Ga first nearest neighbor bond 
increases from 1.29 to 2.69 which indicates an increase in the tendency to form a Ga-Ga 
pair inside the crystal lattice. The N value of Fe-Ga and Ga-Fe first nearest neighbor 
bonds does not have a significant change. The number of Fe-Fe type first neighbor bonds 
decreases slightly as a result of forming more Fe-Ga bonds in Fe centered atomic 
arrangement after long-term annealing. 
The best fit of the Fe-27.5 at.% Ga ordered (ORD) sample was run  using k-
weights of 1 and 2 for both Fe K-edge and Ga K-edge scans and excluding the third 
scattering path from the FEFF calculations to minimize the data noise. The results of fit 
for the Fe-27.5 at.% Ga ORD sample are shown in Figure 5.49 with Fe and Ga K-edge 
scans plotted in R space. The parameter values obtained in these results are shown in 
Table 5.20. Fe-Ga-Ga second nearest neighbor distance is very large (3.5176) relative to 
the average value. The other values are in reasonable range. The fit results show a nice 
match to the experimental spectra and the R factor is as small as 0.0012. Compared to the 
LTA data set, the N value for Ga-Ga first nearest neighbor bonds decrease slightly and 
the N value for Fe-Fe first nearest neighbor bonds increases about 1.18. As a result of 
decrease in the number of Fe-Ga first nearest neighbor bonds in the Fe centered atomic 
arrangement, the total number of Fe-Ga and Ga-Fe bonds dropped about 0.72. 
EXAFS analyses results from three Fe-27.5 at.% Ga single crystals with different 
thermal histories show a tendency of increase in the number of Ga-Ga type first nearest 
bonds after long-term annealing heat treatment from N equal to 1.29 to N equal to 2.69. 
This value drops to N equal to 2.23 after ordering heat treatment. The N value of Fe-Fe 




Figure 5.49 Plots of χ for Fe K-edge and Ga K-edge scans of Fe-27.5 at.% Ga ordered 
(ORD) single crystal second nearest neighbor analysis result in R space. 




Table 5.20  Results of Fe-27.5 at.% Ga ordered (ORD) single crystal second nearest 
neighbor analysis 
Fe K-edge  
Fe-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4899    ±  0.0402 
Fe-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8405    ±  0.0768 
Fe-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5081    ±  0.2682 
Fe-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.9176    ±  0.0573 
Fe-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.5574    ±  0.0981 
Fe-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 3.0574    ±  0.0411 
Fe-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.6048    ±  0.1577 
Fe-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.5176    ±  0.0718 
NFe at 1st Nearest Neighbor 5.74        ±  2.28 
NFe at 2nd Nearest Neighbor 4.41        ±  1.71 
NGa at 1st Nearest Neighbor 2.26        ±  2.28 
NGa at 2nd Nearest Neighbor 1.59        ±  1.71 










Table 5.20  Continued 
Ga K-edge  
Ga-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4979    ±  0.0161 
Ga-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.7779    ±  0.0223 
Ga-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.3973    ±  0.0466 
Ga-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.9020    ±  0.0185 
Ga-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.6044    ±  0.0789 
Ga-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 3.0898    ±  0.0195 
Ga-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5617    ±  0.0194 
Ga-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.0166    ±  0.024 
NFe at 1st Nearest Neighbor 5.77        ±  0.28 
NFe at 2nd Nearest Neighbor 4.38        ±  0.21 
NGa at 1st Nearest Neighbor 2.23        ±  0.28 
NGa at 2nd Nearest Neighbor 1.62        ±  0.21 
Enot (eV) 3.196 
  
R-factor for the Fit 0.0012 





Ga bonds.  It first decreases from 5.45 to 4.56 after LTA heat treatment and increases to 
5.74 after ordering heat treatment. For the total N value of Fe-Ga and Ga-Fe bonds, there 
is no significant difference between DG and LTA conditions, but the N value dropped 
slightly compared to that in the ORD condition. As discussed in the EXAFS first nearest 
neighbor modeling section, the formation of Ga-Ga first nearest neighbor bonds 
introduces large local distortions to the lattice. Based on the results of first and second 
nearest neighbor analysis, the reason for larger magnetostriction value of the Fe-27.5 
at.% Ga alloy after long-term annealing may be attributed to both the increase in average 
Ga-Ga first nearest neighbor bond distance and the increase in the number of this type of 
bond in the alloy. 
In order to extend this study to other Fe-Ga alloys, EXAFS second nearest 
neighbor analyses were also done for Fe-20 at.% Ga and Fe-15 at.% Ga single crystals in 
the as-grown and long-term annealed conditions. The related results will be presented in 
the following sections. 
5.4.4.2 Artemis Results of Fe-20 at.% Ga Single Crystal  
The best fit for the Fe-20 at.% Ga alloy single crystal in the as-grown (DG) 
condition was obtained using a k-weight of 1 for both Fe and Ga K-edge scans and 
excluding  the third scattering path from FEFF calculations. The fit results for this Fe-20 
at.% Ga DG sample are shown in Figure 5.50 with Fe and Ga K-edge scans plotted in R 
space. The detailed data results are shown in Table 5.21. Fe-Ga-Fe path first nearest 
neighbor distance and Fe-Ga-Ga path second nearest neighbor distance are low compared 





Figure 5.50  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-20 at.% Ga as-grown 
(DG) single crystal second nearest neighbor analysis result in R space. 





Table 5.21 Results of Fe-20 at.% Ga as-grown (DG) single crystal second nearest 
neighbor analysis 
Fe K-edge  
Fe-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4921    ±  0.0152 
Fe-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.9419    ±  0.0259 
Fe-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.6379    ±  0.029 
Fe-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.0623    ±  0.0138 
Fe-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.3546    ±  0.0346 
Fe-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8940    ±  0.0134 
Fe-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.4426    ±  0.0184 
Fe-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.7484    ±  0.0128 
NFe at 1st Nearest Neighbor 7.50        ±  0.38 
NFe at 2nd Nearest Neighbor 3.70        ±  0.29 
NGa at 1st Nearest Neighbor 0.50        ±  0.38 
NGa at 2nd Nearest Neighbor 2.30        ±  0.29 










Table 5.21  Continued 
Ga K-edge  
Ga-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4906    ±  0.0191 
Ga-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.7901    ±  0.0196 
Ga-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.6111    ±  0.0414 
Ga-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.4586    ±  0.0342 
Ga-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.5038    ±  0.0397 
Ga-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.9798    ±  0.0234 
Ga-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.6955    ±  0.0293 
Ga-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.5857    ±  0.0291 
NFe at 1st Nearest Neighbor 5.55        ±  0.31 
NFe at 2nd Nearest Neighbor 5.65        ±  0.23 
NGa at 1st Nearest Neighbor 2.45        ±  0.31 
NGa at 2nd Nearest Neighbor 0.35        ±  0.23 
Enot (eV) 4.7096 
  
R-factor for the Fit 0.0029 





No significant discrepancy was observed between the modeling results and the 
experimental spectra for this Fe-20 at.% Ga DG sample. The R factor is 0.0029 which is 
smaller than the acceptable limit value 0.02. In the completely random solid solution 
condition of this alloy, there should be about 1.6 Ga atoms and 6.4 Fe atoms in the first 
nearest neighbor positions and 1.2 Ga atoms and 4.8 Fe atoms in the second nearest 
neighbor positions. Based on the N values in the as-grown condition, there is a slightly 
higher possibility  to form  a Ga-Ga  first nearest  neighbor pair  for this  sample than  the 
random solid solution condition. There is also a higher N value for Fe-Fe pairs and lower 
N value for Fe-Ga or Ga-Fe type of bonds in the first nearest neighbor position. 
The Artemis® project with the same atomic arrangements, scattering paths and 
defined variables was programmed for the Fe-20 at.% Ga alloy single crystal in the long-
term annealed (LTA) condition; the fit was run with a k-weight of 1 and third scattering 
path excluded from FEFF calculations. Figure 5.51 shows the results of model fit to the 
experimental spectra, and Table 5.22 shows the data of fit results. Fe-Fe-Ga and Ga-Ga-
Ga path second nearest neighbor distances are large compared to the average second 
nearest neighbor distances. 
For the Fe-20 at.% Ga single crystal sample after long-term annealing, the N 
values of different types of bonds do not show as much change as in Fe-27.5 at.% Ga. 
There is no significant change in the N value of Ga-Ga first nearest neighbor bonds, and 
the N value of the Fe-Fe type first nearest bond decreases slightly from 7.5 to 7.1. The 
number of Fe-Ga type of first nearest bonds increases from 0.5 to 0.93, but the total 





Figure 5.51  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-20 at.% Ga long-term 
annealed (LTA) single crystal second nearest neighbor analysis result in R 




Table 5.22  Results of Fe-20 at.% Ga long-term annealed (LTA) single crystal second 
nearest neighbor analysis 
Fe K-edge  
Fe-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4862    ±  0.0137 
Fe-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.9511    ±  0.0244 
Fe-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.6175    ±  0.0529 
Fe-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.2404    ±  0.128 
Fe-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4447    ±  0.0186 
Fe-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8354    ±  0.0162 
Fe-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5637    ±  0.2076 
Fe-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.9796    ±  0.1332 
NFe at 1st Nearest Neighbor 7.10        ±  0.7 
NFe at 2nd Nearest Neighbor 4.10        ±  0.52 
NGa at 1st Nearest Neighbor 0.93        ±  0.7 
NGa at 2nd Nearest Neighbor 1.87        ±  0.52 










Table 5.22  Continued 
Ga K-edge  
Ga-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4829    ±  0.0263 
Ga-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8670    ±  0.0569 
Ga-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.6446    ±  0.0678 
Ga-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.0022    ±  0.0792 
Ga-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.5517    ±  0.0719 
Ga-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.7690    ±  0.0241 
Ga-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.6297    ±  0.5017 
Ga-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.4537    ±  0.0442 
NFe at 1st Nearest Neighbor 5.50        ±  0.57 
NFe at 2nd Nearest Neighbor 5.70        ±  0.43 
NGa at 1st Nearest Neighbor 2.50        ±  0.57 
NGa at 2nd Nearest Neighbor 0.30        ±  0.43 
Enot (eV) 4.9654 
  
R-factor for the Fit 0.0036 






5.4.4.3 Artemis Results of Fe-15 at.% Ga Single Crystal  
Artemis® analysis was also done for the Fe-15 at.% Ga single crystal samples. 
For the best fit of data for the Fe-15 at.% Ga sample in the as-grown condition, k-weights 
of 1 and 2 were used for fitting both Fe and Ga K-edge scans and the third scattering path 
was excluded from the FEFF calculations. Figure 5.52 shows the spectra of the fit and 
experimental data in R space and Table 5.23 shows the detailed data values of this fit. Fe-
Ga-Ga path second nearest neighbor distances are low value compared to the other 
second nearest neighbor distances. 
The best fit of data for the Fe-15 at.% Ga single crystal in the long-term annealed 
(LTA) condition was obtained with a k-weight of 1 for Fe and Ga Kedge scans. All the 
scattering paths were included in the FEFF calculations. Results of this Fe-15 at.% Ga 
single crystal LTA sample fit are shown in Figure 5.53 for both Fe and Ga K-edge 
spectra and the values of all the parameters are given in Table 5.24. Ga-Ga-Fe and Ga-
Ga-Ga second nearest neighbor distances are very large relative to the average value. 
For the Fe-15 at.% Ga alloy in random solid solution condition, there should be 
about 1.2 Ga atoms and 6.8 Fe atoms in the first nearest neighbor positions and about 0.9 
Ga atom and 5.1 Fe atoms in the second nearest neighbor positions. Based on the DG and 
LTA analysis results discussed above, after long-term annealing, there is a slight increase 
in the N value of Ga-Ga first nearest neighbor bonds from 1.46 to 1.74. The N value of 
Fe-Fe first nearest neighbor bonds increases from 6.02 to 7.78. As a result of the increase 
in Ga-Ga and Fe-Fe bonds, the total N value of Fe-Ga and Ga-Fe type first nearest bonds 




Figure 5.52  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-15 at.% Ga as-grown 
(DG) single crystal second nearest neighbor analysis result in R space. 




Table 5.23  Results of Fe-15 at.% Ga as-grown (DG) single crystal second nearest 
neighbor analysis 
Fe K-edge  
Fe-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4938    ±  0.0129 
Fe-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8621    ±  0.0124 
Fe-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.2889    ±  0.0171 
Fe-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.9844    ±  0.0195 
Fe-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.3985    ±  0.1098 
Fe-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 3.0696    ±  0.0219 
Fe-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5573    ±  0.0213 
Fe-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.6662    ±  0.0206 
NFe at 1st Nearest Neighbor 6.02        ±  0.14 
NFe at 2nd Nearest Neighbor 6.23        ±  0.11 
NGa at 1st Nearest Neighbor 1.98        ±  0.14 
NGa at 2nd Nearest Neighbor 0.17        ±  0.11 










Table 5.23  Continued 
Ga K-edge  
Ga-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4918    ±  0.0096 
Ga-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8536    ±  0.0134 
Ga-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.7019    ±  0.0312 
Ga-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.0674    ±  0.0132 
Ga-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.5630    ±  0.0182 
Ga-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.6111    ±  0.0531 
Ga-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.4352    ±  0.0677 
Ga-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.9652    ±  0.0212 
NFe at 1st Nearest Neighbor 6.54        ±  0.47 
NFe at 2nd Nearest Neighbor 5.36        ±  0.35 
NGa at 1st Nearest Neighbor 1.46        ±  0.47 
NGa at 2nd Nearest Neighbor 0.64        ±  0.35 
Enot (eV) 5.2323 
  
R-factor for the Fit 0.0023 








Figure 5.53  Plots of χ for Fe K-edge and Ga K-edge scans of Fe-15 at.% Ga long-term 
annealed (LTA) single crystal second nearest neighbor analysis result in R 




Table 5.24  Results of Fe-15 at.% Ga long-term annealed (LTA) single crystal second 
nearest neighbor analysis 
Fe K-edge  
Fe-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4253    ±  0.0156 
Fe-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8604    ±  0.04 
Fe-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5837    ±  0.0509 
Fe-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.9906    ±  0.0404 
Fe-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4100    ±  0.0175 
Fe-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.9242    ±  0.0333 
Fe-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5142    ±  0.0127 
Fe-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.8653    ±  0.032 
NFe at 1st Nearest Neighbor 7.78        ±  0.25 
NFe at 2nd Nearest Neighbor 4.12        ±  0.19 
NGa at 1st Nearest Neighbor 0.22        ±  0.25 
NGa at 2nd Nearest Neighbor 1.88        ±  0.19 










Table 5.24  Continued 
Ga K-edge  
Ga-Fe-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.4782    ±  0.0101 
Ga-Fe-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 2.8039    ±  0.0238 
Ga-Fe-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.5532    ±  0.033 
Ga-Fe-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 2.9695    ±  0.0292 
Ga-Ga-Fe Path 1st Nearest Neighbor Distance (Ǻ) 2.5501    ±  0.0628 
Ga-Ga-Fe Path 2nd Nearest Neighbor Distance (Ǻ) 3.5986    ±  0.0614 
Ga-Ga-Ga Path 1st Nearest Neighbor Distance (Ǻ) 2.6200    ±  0.0286 
Ga-Ga-Ga Path 2nd Nearest Neighbor Distance (Ǻ) 3.3696    ±  0.0557 
NFe at 1st Nearest Neighbor 6.26        ±  0.88 
NFe at 2nd Nearest Neighbor 5.64        ±  0.66 
NGa at 1st Nearest Neighbor 1.74        ±  0.88 
NGa at 2nd Nearest Neighbor 0.36        ±  0.66 
Enot (eV) 4.371 
  
R-factor for the Fit 0.0051 






5.4.4.4 Data Analysis of Second Nearest Neighbor Atomic  
Environment for Fe-Ga Alloy System 
Comparing the results of the three Fe-Ga alloy single crystals with different 
thermal histories, there is a general tendency of increase in the N value of Ga-Ga first 
nearest neighbor bonds after long-term annealing heat treatment which indicates that 
more Ga-Ga first nearest neighbor pairs were formed during the long-term annealing. 
Based on the first nearest neighbor analyses, the long-term annealing heat treatment 
usually results in an increase in the alloy’s magnetostriction. As discussed in the first 
nearest neighbor analysis, this Ga-Ga pair introduces a large local distortion in the crystal 
lattice along the [111] crystallographic direction. The strain introduced by the large 
atomic size Ga-Ga pairs could be one of the reasons for the increase in magnetostriction 
after long-term annealing. Therefore, the increase in the number of Ga-Ga pairs will also 
contribute to the formation of local lattice distortion and leads to an increase of 
magnetostriction. 
Large deviations of interatomic distance were observed in all of the Fe-x at.%Ga 
second nearest neighbor analyses which indicates further improvement of modeling is 
required to obtain accurate coordination numbers for the Fe-Ga alloy system. However, 
based on the results, a general tendency can be observed that the N values of Ga-Ga pairs 
increase as the Ga content increases from Fe-15 at.% Ga to Fe-27.5 at.% Ga. Fe-Ga 
single crystal’s (3/2)λ100 magnetostriction coefficient value also increases from  258 x 10-
6 to 379 x 10-6 as Ga content increase from 15 at.% to 20 at.%. Further increase in the 
alloy composition from 20 at.% Ga to 27.5 at.% Ga results in a decrease in 
magnetostriction value from 379 x 10-6 to 340 x 10-6. As discussed in the earlier section, a 
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large amount of second phases will start forming as the Ga content increases to more than 
20 at.% which causes a decrease in Fe-Ga alloy’s magnetostriction. In this high Ga 
content condition, the contribution of increase in magnetostriction from local lattice strain 
by Ga-Ga pairs will be cancelled out because of the effect of second phases. Based on the 
discussion in the EXAFS first and second nearest neighbor analysis, it can be 
hypothesized that the increase of Fe-Ga alloy’s magnetostriction after modifying alloy 
composition or heat treatment could be partly contributed from the combined effect of 
both the increase in local strain in the crystal lattice caused by the Ga-Ga first nearest 
neighbor bond and also the increase of this Ga-Ga bond formation. 
 
 
 CHAPTER 6 
CONCLUSIONS 
Magnetostriction measurements on [001]-oriented Fe-12.5 at.% Ga-2.5 at.% W, 
Fe-15 at.% Ga-2.5 at.% W and Fe-17.5 at.% Ga-2.5 at.% W single crystals show that the 
(3/2)λ100 magnetostriction coefficient value for  Fe-x at.% Ga -2.5at.% W alloys increase 
by about 67% as the Ga content increases from 12.5 at.% to 15 at.%, and then drops by 
about 48% as the Ga content increased from 15 at.% to 17.5 at.%. Substitution of W for 
Ga in Fe-Ga alloys at a level of 2.5 at.% causes a 7% or higher drop in the 
magnetostriction. These decreases in magnetostriction are likely caused by an increase in 
the propensity to form second phase regions in the α-Fe matrix of these alloys. 
Magnetization measurements show that the saturation magnetization of Fe-Ga-W alloy 
decreases as the solute content increases, and a steep drop occurs after the total solute 
content increases beyond that of the  Fe-15 at.% Ga-2.5 at.% W alloy due to the start of 
the formation of intermetallic second phases  in the α-Fe phase matrix. 
Magnetostriction measurements on the [220]-oriented Fe-12.5 at.% Ga-2.5 at.% 
W alloy single crystal show that the (3/2)λ111 magnetostriction coefficient of this alloy is 
about -47 x 10-6 in the annealed condition. Magnetostriction measurements on [220] or 
[211]-oriented Fe-3 at.% W, Fe-6 at.% W and Fe-7.5 at.% W alloy single crystals show 
that  annealing in α-Fe region and rapid water quenching results in a 30 to 40% increase 
in the Fe-W alloy’s (3/2)λ111 magnetostriction coefficient value. As the W content
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increases from Fe-3 at.% W to Fe-7.5 at.% W, the (3/2)λ111 magnetostriction coefficient 
value increased by about 13%. The saturation magnetostriction λsi for any 
crystallographic direction for this and the other alloys examined can be calculated based 
on this (3/2)λ111 and (3/2)λ100 magnetostriction coefficients that were measured. 
The study of B2 and DO3 ordered second phase regions in the α-Fe phase Fe-27.5 
at.% Ga single crystal after annealing and rapid water quenching shows the presence of 
both B2 and DO3 ordered domains in the A2 phase matrix. Examination of x-ray 
diffraction patterns of the [111]-oriented crystal face showed that the relative amounts of 
B2 phase domains increased with increasing depth up to about 100 µm depth. Beyond the 
100 µm depth, the volume ratio of B2 and DO3 domains showed little variation. This is 
the first report on any such quantitative measurements. 
 EXAFS studies of the local atomic environment in Fe-27.5 at.% Ga, Fe-20 at.% 
Ga and Fe-15 at.% Ga single crystals show a large positive increase in the Ga-Ga first 
nearest neighbor bond distance after long-term annealing. The value of this positive strain 
increases as the Ga content increases. Except for the case of the Fe-15 at.% Ga alloy the 
Fe-Fe, Fe-Ga and Ga-Fe bond distances show a small negative or nearly zero change. The 
variations of nearest neighbor distances indicate the variation of local lattice distortions. 
As the changes of magnetostriction values with changes in Ga content and thermal 
history follow the same tendency, there appears to be a correlation of local lattice strain 












































Figure A.1  Theta-2 theta x-ray diffraction scan on the first cut face of DG rod of the Fe-
























Figure A.2  Theta-2 theta x -ray diffraction scan on the (200) face of the [001]-oriented 
























Figure A.3  Rocking curve x-ray diffraction scan on the (200) face of the [001]-oriented 
























Figure A.4  Theta-2 theta x -ray diffraction scan on the first cut face of DG rod of the 
























Figure A.5  Theta-2 theta x -ray diffraction scan on the (200) face of the [001]-oriented 
























Figure A.6  Rocking curve x-ray diffraction scan on the (200) face of the [001]-oriented 
























Figure A.7  Theta-2 theta x -ray diffraction scan on the first cut face of DG rod of the 
























Figure A.8  Theta-2 theta x -ray diffraction scan on the (220) face of the [220]-oriented 

























Figure A.9  Rocking curve x-ray diffraction scan on the (220) face of the [220]-oriented 
























Figure A.10  Theta-2 theta x -ray diffraction scan on the first cut face of DG rod of the 
























Figure A.11  Theta-2 theta x -ray diffraction scan on the (211) face of the [211]-oriented 
























Figure A.12  Rocking curve x-ray diffraction scan on the (211) face of the [211]-oriented 
























Figure A.13  Theta-2 theta x -ray diffraction scan on the first cut face of DG rod of the 
























Figure A.14  Theta-2 theta x -ray diffraction scan on the (220) face of the [220]-oriented 
























Figure A.15  Rocking curve x-ray diffraction scan on the (220) face of the [220]-oriented 
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